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1.1 In vitro versus cellular gene expression 
 
The steps involved in the informational flow from DNA through RNA to functional protein is 
regarded as the central dogma of molecular biology (Figure 1.1)
1
. However, this is merely a 
simplified representation which does not clearly reflect the essential role of proteins in the 
information transfer and regulation thereof. Indeed, these fundamental molecular genetic 
processes take place with extreme accuracy, speed and synchrony, and must therefore also be 
precisely regulated and understood.  
 
 
 
Figure 1. 1  Central dogma of life 
 
Protein expression is a multistep process involving as many as 50 transcriptional and translational 
factors
2
. There are distinct differences in transcription and translation when comparing eukaryotic 
and prokaryotic systems (Figure 1.2). In eukaryotic cells transcription occurs in the nucleus. After 
post transcriptional modifications, the mRNA is transported out of the nucleus, where translation 
takes place. All translation initiates on free ribosomes, yet depending on the target location of the 
protein, translation is continued in the endoplasmic reticulum or in the cytoplasm. This complexity 
is absent in prokaryotic cells due to the lack of compartmentalization, allowing transcription and 
translation to be co-localized. Transcription involves the reading of a template DNA strand by RNA 
polymerase, which will subsequently synthesize messenger RNA (mRNA). This mRNA, in turn, 
encodes for a polypeptide sequence. Each amino acid is defined by three nucleotides encoded by 
the mRNA. Once the amino acids are incorporated into the polypeptide chain by ribosomes, the 
polypeptide will fold and mature into its functional protein. In Escherichia coli (E. coli), RNA 
polymerase synthesizes RNA with a speed of about 60 nucleotides per second (nt s
-1
). A ribosome, 
which initiates translation on the nascent mRNA chain, will incorporate about 20 amino acids s
-1
 
(i.e. reading mRNA at 60 nt s
-1
)
3
. Since the first ribosome will follow more or less immediately after 
the RNA polymerase, there is a tight coupling between transcription and translation. This first 
ribosome is followed by other ribosomes with a spacing of approximately 22 nucleotides
4
. Multiple 
ribosomes interacting with one mRNA associate into a polysome. To retain the tight coupling 
between transcription and translation, the RNA polymerase pauses during transcription to give the 
leading ribosome time to catch up with the RNA polymerase
5
. This synchronization of transcription 
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and translation ensures that the amount of mRNA between the RNA polymerase and the leading 
ribosomes, termed naked RNA, is minimized
6,7
. In vivo studies show that mRNA is prone to forming 
R-loops with the DNA, when transcription and translation become unsynchronized
8
. R-loops are 
formed when the nucleotides of a single stranded RNA base pair with a single strand of DNA, 
preventing the DNA double helix from re-forming. Over expression of mRNA, as a result of 
unsynchronized transcription and translation, therefore results in accumulation of non-functional 
transcripts
9
. The mRNA is consequently vulnerable for degradation
6
, which can have severe effects 
on gene expression regulation
10
. The presence of ribosomes can protect the mRNA against 
endonuclease activity
3
. 
 
 
 
Figure 1. 2 Transcription and translation in eukaryotic cells prokaryotic cell compared to “test tube” in vitro 
reactions.  
 
Our current knowledge of gene expression is predominantly based on biochemical studies using 
large populations of cells or purified biomolecules, however, this often alters the single-molecule 
nature of gene expression. Hence, single-molecule techniques, being developed to extraordinary 
precision for in vivo experiments, provide important mechanistic insights into gene expression
11
. 
Furthermore, many in vitro experiments have led to fundamental discoveries in the biochemistry 
of transcription and translation
12
. Yet, in vitro representations are often performed under bulk test 
tube conditions, and thus are often not representative of cellular environments (Figure 1.2).  
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Figure 1.3 Summary of components required for in vitro transcription translation. Factors supplied in the 
crude cell extract are written in red, factors present in a reaction buffer are written in dark blue, and 
components added separately are written in green.  
 
In vitro transcription/translation (IVTT) is based on the finding that cell integrity is not necessary 
for the process of protein synthesis. This means that transcription and translation machinery can 
be isolated using crude cell extracts. The components necessary for in vitro transcription include a 
gene to express, the RNA polymerase, and the building blocks for RNA (NTP’s). The translational 
step requires transcribed RNA, the ribosomes and assisting proteins, tRNA, and the building blocks 
for polypeptides (amino acids). Both processes require an energy source, typically ATP or GTP, and 
greatly benefit from an energy regenerating system. The ribosomes, related proteins, and enzymes 
needed for ATP regeneration can be isolated from a cellular source called the cell lysate (this is 
summarized in Figure 1.3).  
 
Though, in theory, any source of the transcription/translation machinery could be used, the most 
common sources are E. coli for prokaryotic cell extracts and wheat germ or rabbit reticulocytes for 
eukaryotic cell extracts 
13
. The system choice is often based on the origin of the protein under 
investigation. The eukaryotic based systems, though less productive (micrograms for rabbit, 100 
micrograms for wheat germ), are generally more useful when functional studies of eukaryotic 
proteins are involved, in particular studies on post translationally modified proteins
14
. E. coli based 
lysates generally provide higher yields (mg mL
-1
), and the resulting samples are more 
homogeneous, thus providing a better platform for structural studies
15
.  
 
Cell-free protein expression further provides a unique platform for mechanistic studies involving 
the flow of genetic information from DNA to protein
16
. Yet, cell-free expression has conventionally 
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been performed in aqueous solutions, in the absence of macromolecular crowding. The cell’s 
interior is an inhomogeneous, crowded environment. In bacteria for example, ~30% of the cell 
volume is occupied by macromolecules. The ensuing macromolecular crowding manifests itself 
through altered binding constants and reduced diffusion
17-22
. Such a crowded environment can 
lead to spontaneous spatial organization due to severely limited diffusion of mRNA molecules. 
Moreover, macromolecular crowding affects the dynamics and thus reaction rates of cellular 
processes
23
. Additional studies have shown that a prokaryotic cell is less fluid-like than originally 
anticipated and can exhibit dynamical heterogeneity and glass-like features
24,25
.  
 
 
1.2 Stochastic gene expression 
 
Noise is present in all living cells. It has been studied in prokaryotes and eukaryotes
26-28
, eukaryotic 
stem
29,30
 and cancer cells
31
, and cells expressing viruses
32,33
. Noise occurs in different bio-molecular 
systems including, circadian clocks
34
, metabolic pathways
35
, and gene regulatory networks
36
. Gene 
expression in cellular systems is an important example of a stochastic complex enzymatic process. 
Stochastic gene expression, or gene expression noise, are fluctuations in protein production 
involving a random factor which cannot always be determined, or predicted
37
. The amount, or 
copy number, of a protein can therefore fluctuate between cells, even if the cells are genetically 
identical. Careful analysis of variations in mRNA and protein levels has revealed the importance of 
both amplitude and typical decay time of noise, and the ability of cells to exploit or suppress noise 
in gene expression
36,38-40
. Unlike deterministic models of gene expression, which are capable of 
predicting dynamics of high averages over large populations, stochastic models can correctly 
predict the dynamics of gene expression at a single-cell level
41
. Therefore, it is increasingly 
recognized that the stochastic nature of many biochemical processes cannot be ignored.  
 
Living bacterial cells, not only contain few copy numbers of DNA, but also low copy numbers of 
transcription factors and their respective proteins. In addition, cellular mRNA is present in low 
copy numbers, since intracellular mRNA lifetime is rather short due to degradation. Fluctuations 
are much greater in systems containing low copy numbers of biomolecules in comparison to high 
copy numbers. Intrinsic random variation is arguably caused by every chemical step contributing 
marginally to the total fluctuation.
40
 These individual steps include binding and unbinding of 
transcription factors, transcription itself, and translation. The resulting noise has important 
biological consequences, such as determining phenotypic variation in cellular populations
42
. During 
the first step of gene expression, transcription factors must bind and unbind DNA in response to 
certain environmental signals. mRNA production results from the fluctuating binding/unbinding of 
transcription factors to a particular gene (Figure 1.4).
42,43
 As a coping mechanism most genes have 
complex control systems involving several repressors, transcription factors, and mediators, 
chromatin remodeling, or changes in supercoiling
40
. These control systems decrease fluctuations in 
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gene expression unless a single elementary reaction step is rate limiting
40
. Hereby,  noise typically 
increases with decreasing reaction rates
44
. 
 
 
 
Figure 1.4 Two independent proteins controlled by the same regulatory sequences. Expression of the two 
proteins over time are (A) correlated in the absence on intrinsic noise and (B) uncorrelated in the presence of 
intrinsic noise. 
 
To distinguish more clearly between two main contributors to gene expression noise, Elowitz and 
co-workers devised the following terminology.
45
 Firstly, extrinsic noise refers to the difference in 
the amount of cellular components present in different cells. These will, within one cell, effect two 
reporters in the same way. In other words, within a cell, two identical yet independent genes will 
be correlated (Figure 1.4 A). However, extrinsic noise will create variations between two different 
cells
46
. Secondly, intrinsic noise is caused by differences in efficiency of the transcriptional and 
translational system. Intrinsic noise is the noise observed when two identical, yet independent 
genes within the same cell, express different amounts of the same protein. They are therefore 
uncorrelated (Figure 1.3 B)
44
. The two-reporter system, developed by Elowitz
45
 as a reliable 
method to estimate
47
 noise of gene expression, has been used to study noise both in vivo
11,28,44
 
and in vitro.
48
 From these and previous works it has been established that any variations in gene 
expression can be expressed as a function of the number of intermediate molecules and products 
formed. This can explain many fluctuations observed in systems with low concentrations of 
reagents
48,49
. Because reaction networks inside the cell involve numerous components, each at 
very low concentrations, an important degree of randomness is expected
49-52
. It is generally 
accepted that this randomness is due to both low concentrations and the random nature of 
molecular collisions as a consequence of diffusion. Most studies thus far have dealt with either the 
quantification of noise, or how cells exploit or suppress noise
27,41,45,48,53
. Yet, no experimental work 
has considered the effect that cellular composition or crowded environment within a cell-sized 
compartment has on the stochasticity of biochemical reactions.  
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1.3 Macromolecular crowding 
 
Macromolecular crowding has been predicted extensively by theory to have various specific 
effects on the interactions between all types of macromolecules
19,54
. Yet, even though it is known 
that crowding occurs in all types of cells, it is a property often neglected by biochemists
54
. The 
term crowding describes the situation in which the total concentration of macromolecules inside 
the cell is so high that a significant proportion of the volume is occupied. A large macromolecule 
(such as a protein) which is surrounded by other macromolecules is present in a crowded medium. 
The total mass density of proteins and nucleic acids in E. coli cytoplasm is roughly 200-300 mg mL
-1
 
where RNA typically ranges between 75-150 mg mL
-1
. So, together they make up a total 
concentration of about 300-400 mg mL
-1 
and occupy between 20 and 30 % of the cytoplasmic 
volume
54,55
. Polysaccharides also contribute to crowding, mostly in the extracellular fluid, meaning 
that crowding is present inside and outside of cells
54
. Since all macromolecules occupy a large 
amount of total volume, and none are really present at high concentrations, the medium is 
referred to as crowded, rather than concentrated
56
. More specifically, this effect is often described 
as the volume-excluded effect, which establishes that it is a purely physical phenomena that does 
not include any specific interactions between macromolecules
54
. 
 
 
 
Figure 1.5 The available (blue) and excluded (pink and black) volume in a solution containing about 30% 
volume fraction of large spherical molecules. (A) A large spherical molecule added to the solution has less 
available volume than a (B) small spherical molecule
57
. 
 
Generally the excluded-volume effect decreases the degrees of freedom that a macromolecule 
has. Excluded-volume effect is the effect seen by a large macromolecule or protein in a solution 
containing many other large macromolecules. For this protein to be most stable it is surrounded 
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by a certain shell of solvent. This volume is therefore excluded to other proteins (Figure 1.5A). Yet, 
for a smaller macromolecule this volume is not excluded, so in a crowded environment it will not 
behave too differently from a dilute solution (Figure 1.5B). The effect of crowding on polypeptide 
chains can vary drastically. Firstly, it can enhance the initial collapse of the polypeptide chains, 
indifferent to whether the chain is newly synthesized or refolding. Secondly, the partly folded 
polypeptides can associate into non-functional aggregates
58
. 
 
 
 
Figure 1.6 (A) The dependence of the reaction rate constant on the degree of crowding, where the reaction is 
diffusion-limited (green) or transition state-limited (blue)
56
. (B) The dependence of activity coefficient on 
molecular weight of target molecule in a crowded solution
54
. 
 
Reaction rate constants are also strongly influenced by macromolecular crowding. If a reaction is 
transition state-limited the reaction rate constant will increase with increasing crowding (Figure 
1.6A blue line) because crowding pushes the equilibrium of molecules to a bound state
54
. The 
equilibrium constant for macromolecules to associate under the influence of crowding may 
increase by order(s) of magnitude, depending on the size and shape of the molecular reactants, 
products, and background molecules. When macromolecules bind to one another, there is a 
preferential reduction in occupied volume, which is a thermodynamic driving force for the 
equilibrium to shift towards the associated state of macromolecules (lowering the free energy of 
the transition state). The more solute molecules are present, the less random they can be oriented 
(in the unassociated state of the molecules), thus the configurational entropy is less (more order), 
and the contribution to the total free energy in the system is higher
54
. As a result, the 
thermodynamic activity of a globular protein could be up to 100 times greater in E. coli cytoplasm 
than at the same concentration in an un-crowded environment
55
. Importantly, this increase in 
activity coefficient is non-linear and has a greater effect on large macromolecules than small ions 
(Figure 1.6B)
54
. If the reaction is diffusion-limited, the reaction rate constant will decrease with 
increased crowding because the probability of reactants meeting decreases (lower first-passage 
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time, FPT)
59
. Generally, the reaction rate is thought to be transition state-limited at low degrees of 
crowding, and diffusion-limited at high degrees of crowding
56
. 
 
The diffusion coefficient of a macromolecule will decrease several orders of magnitude under the 
influence of macromolecular crowding (Figure 1.7A)
60
. The average time (t) for a macromolecule to 
move in a given direction through the process of 3D diffusion is given by: 
 
  
  
  
         Equation 1.1 
 
 
where t is time, x is the mean displacement and D is the diffusion coefficient. Hence, the time it 
takes for the molecule to move a certain distance will increase by the same order of magnitude as 
the diffusion coefficient .  
 
 
 
Figure 1.7 (A) The dependence of diffusion coefficient on Ficoll 70 concentration (B) The distance of the 
starting points (S1 in comparison to S2) from the target (T) strongly influences the FPT of the reaction in a 
cellular environment. (C) Cellular DNA-binding proteins undergo a mixture of 1D and 3D diffusion. 
 
A crowded cells interior can be described as a maze like structure
61
. Studies show that the starting 
point of reactants do not influence the kinetics of a reaction in dilute solution. However, in 
crowded environments (Figure 1.7B), the starting points (S1 in comparison to S2) strongly 
Chapter 1 
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influence the first passage time of the reaction. The activation of a gene in a crowded solution can 
be orders of magnitude faster if the starting point (S) is located in the vicinity of the target (T).
61
 In 
the cellular environment it is therefore often advantageous for successively activated genes to be 
co-localized rather than remote,
25,62
 resulting in shorter activation times of genes leading to higher 
reaction rates.
61,63
 A DNA binding protein, in search of a specific DNA target, is thought to undergo 
a mixture of 1D and 3D diffusion (Figure 1.7 C). Firstly, it will non-specifically bind to DNA and 
undergo 1D diffusion along short segments of the DNA particle. Then, it will dissociate and 
subsequently will find a new non-specific target, where it will rebind to a different DNA segment 
via 3D diffusion through the cytoplasm
64
. Over short distances  and small timescales, the mean 
squared displacement of molecules becomes sub-linear, this anomalous diffusion is also termed 
subdiffusion.
65
 An important consequence of this form of diffusion, often underestimated when 
performing experiments at a nano-scale, is that molecules remain longer at their initial positions 
than anticipated.
61,66
  
 
1.3.1 The effects of crowding on cellular components 
E. coli cells include at least three different micro-environments. The first, is the immediate vicinity 
of the inner-plasma membrane, where the macromolecule of interest will encounter high 
concentrations of membrane phospholipids and proteins. The second, is the interior and 
immediate vicinity of the nucleoid. Here, the macromolecule of interest will encounter extremely 
high local concentrations of DNA. The third microenvironment is the remaining cytoplasm where 
the macromolecule of interest will be influenced by other soluble proteins. In other words, it will 
encounter comparably low effects of macromolecular crowding. Within these different 
microenvironments, it is expected that the relative contributions of macromolecular crowding, 
confinement, and adsorption to macromolecular reactivity are substantially different
19,67
. These 
differences, in combination with macromolecular crowding itself having a large amount of possible 
effects, make it difficult to predict the effect of macromolecular crowding solely based on one of 
the previously mentioned arguments. Strategic studies are therefore required to determine the 
distinct effects of crowding on different biochemical reactions, a research area that has been 
severely neglected. A few examples of crowding effects on cellular reactions are mentioned below.  
 
Experiments have been carried out to show that macromolecular crowding increases the binding 
of DNA polymerase I of E. coli or T4 DNA polymerase to their template primers
68
. The experiments 
were conducted under conditions that are normally inhibitory due to high ionic strength. These 
inhibitory effects were found to be significant in in vitro reactions, yet are tolerated in living E. 
coli
69
. The binding affinities were increased in the presence of non-specific polymers 
68
. This 
implies that crowding effects could increase the range of conditions under which the cell’s 
machinery works efficiently. Additionally, similar effects were seen on the efficiency of nuclease 
and polymerase activities in vitro, meaning that higher ionic strengths were tolerated
68,70
. Other in 
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vitro studies showed that addition of synthetic polymers (PEG-8000, Ficoll-70, Ficoll-400 or 
Dextran) have opposite effects on transcription and translation in bulk solutions
71
. Seemingly, 
transcription was enhanced and translation inhibited at increasing concentrations of synthetic 
polymers. Klumpp and coworkers
72
 also showed that macromolecular crowding limits translation 
and ultimately also cell growth in bacterial cells.  
 
Macromolecular crowding has been reported to influence nucleus assembly in eukaryotic K562 
cells. Here, it was found that the nucleoli and PML bodies were disassembled when the K562 cell 
nuclei expanded in a medium of low, monovalent cation concentration. The subsequent addition 
of 12% PEG 8000 caused reassembly of the compartments and recovery of transcription. This 
recovery indicates that the disassembly was not caused by the low cation concentration but by a 
crowding, or volume-exclusion effect
73
. Macromolecular crowding also significantly effects 
ribosomal assembly. It has been shown that under crowded conditions, the assembly of the 30S 
with the 50S subunits is preferred, resulting in the equilibrium shifting towards the 70S subunit
22
. 
The authors also showed that the presence of non-specific polymers cause the 70S to form 100S 
dimer complexes
22
. These results show the importance of crowding effects on ribosome assembly, 
which is therefore thought to have a considerable effect on protein synthesis.  
 
 
1.4 Microfluidics as a technique to study gene expression 
 
Microfluidics is becoming an increasingly popular technique to enhance and facilitate the study of 
a vast variety of different reactions. It has become a powerful tool to minimize costs in assay 
development
74
, for single cell experiments
75
, to mimic in vivo systems in a comparable 
environment
76
, and even to reproduce organs
77
. Due to the hightened interest for, and research 
invested into microfluidics, chips have improved greatly allowing for precise control over 
parameters such asvolume, force excertion, concentration gradients, pH, and temperature.  
 
Droplet-based microfluidics (Figure 1.8A and B), in comparison to continuous microfluidics, allows 
for the manipulation of distinct volumes generating extremely high throughput experiments. 
Droplets are composed of an aqueous phase which is surrounded by an oil phase, with a surfactant 
layer stabilizing the interface. Solutions can be compartmentalized in extremely small volumes 
down to the femtoliter regime, which can be maintained stable for days
78
. Though the formation 
of droplets does not require surfactants, they are necessary to maintain droplet stability and avoid 
coalescence, for longer periods of time
79
. Therefore, when required, biocompatible surfactants
80,81
 
consisting of a hydrophobic tail and hydrophilic head group, are typically added to the oil phase.  
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Figure 1.8 Typical droplet-manipulation techniques
78
 (A) Generation of water-in-oil emulsions in a flow 
focusing device. (B) Droplet formation from jetting in a flow focusing device. (C) Storage/collection area
82
. (D) 
Droplet fusion using electro-coalescence
83
. (E) Droplet fusion caused by channel geometry
84
. (F) 
Electrosorting of droplets
85
. (G) Droplet splitting induced by channel geometry
86
. (H) Droplet splitting caused 
by an electric field
87
. (I) Channel-geometry-induced mixing of droplet content
88
. (J) Droplet Storage
89
. 
 
 
Compartmentalization into a large quantity of monodisperse volumes is a key feature of this 
technique which is not limited to molecules, as also cells, and organisms have been reported
90
. 
Each droplets can be treated as an individual reactor with the same volume and compositions. The 
different ways in which droplets can be manipulated give rise to a broad application for droplet 
microfluidics. Examples of such manipulations are droplet collection (Figure 1.8C), fusion (Figure 
1.8D and E), sorting (Figure 1.8F), splitting (Figure 1.8G and H), mixing (Figure 1.8I), trapping(Figure 
1.8J), and shrinking. These processes can either be passive, mostly induced by channel geometry, 
or active, by utilizing microfabricated electrodes91. Importantly, these manipulations allow for 
droplets to act beyond simple closed systems after the point of production
92
. Furthermore, it 
allows for the study of reactions in environments which are more difficult to reproduce in bulk 
experiments
70
.   
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1.5 Aim of research and thesis outline 
 
Cell-free protein expression is an increasingly common tool not only to produce high levels of 
proteins in vitro, but also for detailed studies of mechanisms and kinetics of transcription and 
translation. We use cell-free protein expression, combined with droplet microfluidics to study 
different biochemical phenomena of the cell. 
 
A major drawback of bacterial gene expression systems is the necessity of coupling transcription 
and translation in order to successfully produce adequate amounts of protein. Since in vitro 
synthetic biology studies are becoming a common tool to bridge cellular complexity and single 
molecule simplicity, it is important to be able to study the individual steps of gene expression. In 
Chapter 2, a platform to decouple transcriptional from translational elongation with resulting 
yields similar to coupled systems is developed, for three different proteins. This work lays the 
foundation for research described in subsequent chapters on coupled transcription and translation 
studies of bacterial systems.  
 
In highly crowded and viscous intracellular environments, the kinetics of complex enzymatic 
reactions are determined by both reaction and diffusion rates. However, in vitro studies on 
transcription and translation often fail to take into account the density of the prokaryotic 
cytoplasm. In Chapter 3, we mimic the maze-like nature of the cellular environment, using a 
porous hydrogel matrix, to study the effects of macromolecular crowding on gene expression. 
Chapter 3 emphasizes the need to consider the role of the physical environment on complex 
biochemical reactions, in this case macromolecular crowding, nanoscale spatial organization and 
confinement.  
 
Understanding the dynamics of complex enzymatic reactions in highly crowded small volumes is 
crucial for the development of synthetic minimal cells. Compartmentalized biochemical reactions 
in cell-sized containers exhibit a degree of randomness due to the small number of molecules 
involved. However, it is unknown how the physical environment contributes to the stochastic 
nature of multistep enzymatic processes. In Chapter 4 we present a robust method to quantify 
gene expression noise in vitro using droplet microfluidics. We then study the changes in 
stochasticity in cell-free gene expression of two genes compartmentalized within droplets as a 
function of copy number in Chapter 4 and macromolecular crowding in Chapter 5. In Chapter 5, 
we find that decreased diffusion caused by a crowded environment leads to the spontaneous 
formation of heterogeneous micro-environments as local production rates exceed diffusion rates 
of macromolecules. This heterogeneity leads to a higher probability of the molecular machinery to 
stay in the same microenvironment, directly increasing the system’s stochasticity. 
 
Chapter 6 reflects on the findings of the thesis and puts them in context of the field.  
Chapter 1 
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2.1 Introduction 
Prokaryotic cells have evolved to efficiently couple transcription and translation rates
1
. Figure 2.1 
shows an electron micrograph visualization and a corresponding schematic of coupled gene 
expression in prokaryotic cells. In Escherichia coli (E. coli), RNA polymerase synthesizes RNA with a 
speed of about 60 nucleotides per second (nt s
-1
). A ribosome, which initiates translation on the 
nascent mRNA chain, will incorporate about 20 amino acids s
-1
 (i.e. reading mRNA at 60 nt s
-1
)
1
. 
Since the first ribosome will follow approximately immediately after the RNA polymerase, there is 
a tight coupling between transcription and translation. This first ribosome is followed by other 
ribosomes with a spacing of approximately 22 nucleotides
2
. Multiple ribosomes, interacting with 
one mRNA, associate into a polysome. To retain the tight coupling between transcription and 
translation, the RNA polymerase pauses during transcription, allowing the leading ribosome to 
catch up with the RNA polymerase
3
. This synchronization of transcription and translation prevents 
backtracking of the RNA polymerase, retains the genomic integrity, ensures that the amount 
naked mRNA is minimized, and prevents the depletion of resources
4-6
. Numerous studies have 
shown that uncoupling these two reactions in prokaryotic cells, usually by increasing the 
transcription rate, can have lethal consequences
4,7,8
. Therefore, it is not surprising that the 
efficiency of in vitro protein synthesis, based on prokaryotic expression systems, is also governed 
by the fine balance between transcription and translation rates
1
.  
 
Figure 2.1 Coupled protein synthesis in prokaryotic cells
9
. 
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Synthetic biology is a growing field where many in vitro experiments have led to fundamental 
discoveries involving the biochemistry of transcription and translation
10
. Cell-free protein 
expression provides a unique platform for mechanistic studies involving the flow of genetic 
information from DNA to protein
11-16
. Furthermore, there is an increasing interest in designing self-
sustainable minimal cells
17
. Ideally, to successfully synthesize a synthetic cell from a bottom-up 
approach, all individual parts should be understood and tested independently. To perform 
systematic quantitative studies on coupled versus uncoupled transcription and translation in vitro, 
both systems should perform at comparable efficiencies. Therefore, the inefficiency of uncoupled 
translation reactions proves to be an intrinsic bottleneck. The efficiency of cell-free gene 
expression systems is another fundamental hurdle in the generation of a minimal cell capable of 
expressing a broad variety of proteins
18
. Studying coupled versus uncoupled transcription and 
translation in more detail may also provide insights in the sustainability of gene expression, which 
can be further exploited when developing self-sustainable minimal cell-like systems
19
. 
There are several approaches to increasing both simplicity and efficiency of cell-free expression 
systems. Firstly, the use of a T7 RNA polymerase (RNAP) allows for more robust transcription, since 
T7 RNAP is both a very stable single subunit enzyme and it has a very high specificity for its 
promoter
20
. Although commonly used, T7 RNAP has been argued to overproduce mRNA, depleting 
the system of resources and generating a large pool of mRNA of which only a small fraction is 
being actively translated
1,21,22
. This is highly unfavorable when expressing a large variety of 
different proteins in small volumes, since resources will deplete very quickly
23
. To circumvent this 
problem, endogenous RNAP, a seven subunit enzyme, has been used. Endogenous RNAP 
transcribes approximately 8.5 times slower and has thus been reported to generate higher yields 
of proteins
24
. The lower transcription rate arguably re-couples the transcription and translation 
rates, decreasing the amount of un-translated mRNA in the pool. However, this endogenous RNAP 
is less stable, therefore mutant T7 RNAPs with lower transcription rates, have been used in an 
attempt to decrease transcriptional rates
1
. Nevertheless, these systems  still do not allow 
complete uncoupling of transcription from translation.  
Problems with yield aside, the incomplete control over in vitro transcription/translation also 
hampers progress in the design and implementation of synthetic gene circuits, where known and 
stable rate constants are required for a forward engineering approach
25
. Transcription has been 
studied using multiple approaches
26-28
, yet uncoupled translation from  a prokaryotic system is less 
common. Studies have shown successful in vitro translation from mRNA in a eukaryotic-based 
system
26
. However, uncoupled translation in a prokaryotic system, as mentioned above, is very 
inefficient and requires much higher concentrations of mRNA than DNA. The mRNA is therefore 
thought to be inactivated in an uncoupled system
4,5,7
. This inactivation can be in the form of 
secondary structures of mRNA
29
, and R-Loops between mRNA and DNA
30,31
. To allow for 
uncoupling of transcription from translation, mRNA templates can be specifically designed to only 
form weak secondary structures
32
. In this chapter, a different approach to uncouple transcriptional 
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from translational elongation is presented. By addition of ribosomal extract during transcription, 
protein yields similar to coupled systems are reached, whilst uncoupling transcription from 
translational elongation. Understanding the bottlenecks of translation when uncoupling gene 
expression, provides a platform for more detailed studies on the complexity of translation. This 
provides a foundation for future bottom-up studies of minimal systems.  
2.2 Results and discussion 
2.2.1 Uncoupling gene expression 
 
Figure 2.2. Schematic of three systems compared. (A) Typical coupled transcription and translation. (B) Semi-
coupled transcription and translation. Lysate is present from the start. Therefore, in the first 20 minutes of 
reaction there is coupled transcription and translation, the DNase is then added which degrades the plasmid. 
In the subsequent 130 minutes, only translation can occur. (C) Uncoupled transcription and translation. In 
vitro transcription occurs for approximately 20 minutes. Subsequently, DNase was added to degrade the 
plasmid DNA. After a 10 minute incubation period, the lysate was added to initiate translation and protein 
production was followed over time. As a result, transcription only occurs in the first 20 minutes and 
translation only occurs in the last 130 minutes. 
We first compared the in vitro transcription and translation (IVTT) expression curves of a fully 
coupled system, a semi-coupled system, and a completely uncoupled system. Figure 2.2 shows a 
schematic representation of these three systems. The fully coupled IVTT system (Figure 2.2A) 
consists of a cell-free gene expression system in the presence of all components, including E. coli 
based crude cell lysate and plasmid DNA, added from the start and without the addition of DNase. 
The semi-coupled system (Figure 2.2B) is the same as the fully coupled system except for the 
addition of DNase after 20 minutes, thereby splitting gene expression into two steps. During the 
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first step, both transcription and translation can occur, and during the second step, only 
translation can occur. In the uncoupled system (Figure 2.2C), in vitro transcription occurs for 
approximately 20 minutes. Subsequently, DNase was added to degrade the plasmid DNA and, after 
a 10 minute incubation period, the lysate was added to initiate translation and protein production 
was followed over time. As a result, transcription should only occur in the first 20 minutes and 
translation only in the last 130 minutes. The protein expressed was enhanced green fluorescent 
protein (eGFP). 
 
Figure 2.3. In vitro transcription and translation (A) mRNA expression of eGFP with addition of DNase (blue 
triangles) and without (red circles) the addition of DNase. (B) Semi-coupled system, checking the effect of 
DNase on total yield of protein expression. (C) Protein expression (eGFP) curves for coupled (red full line) and 
uncoupled black (dashed line) gene expression. (B-C) The orange band indicates the addition of DNAse. The 
lines indicate mean protein concentrations from three separate experiments with standard deviations shown 
by the shaded areas.  
To verify that the addition of DNase would inhibit mRNA production, mRNA (encoding for eGFP) 
was expressed in an in vitro transcription system (IVT). Transcription was observed using a 
molecular beacon, which is a hairpin shaped molecular probe. In the absence of the specific mRNA 
target to which the molecular beacon hybridizes, a quencher is in spatial proximity to the 
fluorophore. The molecular beacon linearizes in the presence of the specific mRNA sequence and a 
fluorescent signal can be observed
28
. Figure 2.3A shows the mRNA production over time from 
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which it is clear that the addition of DNase indeed stops mRNA production. The mRNA expression 
in a normal IVT reaction (red circles) continues to increase, whereas, after a 10 minute incubation 
period, the mRNA production curve plateaus (blue triangles) when DNase is added. 
 As shown in Figure 2.3B (red full line), a fully coupled transcription and translation system yielded 
protein concentrations of approximately 0.55 µM. As a control, we performed semi-coupled gene 
expression and compared the yields to the fully coupled system (Figure 2.2B blue dashed line). 
This control was to verify that the addition of DNase after 20 minutes was not toxic to translation. 
The semi-coupled system showed comparable yields to the normal coupled IVTT reaction. 
Surprisingly, when transcription was uncoupled from translation (Figure 2.3C black dashed line), 
no protein expression was observed. Since enough mRNA was produced during the first 20 
minutes of transcription to generate yields comparable to the coupled transcription/translation 
reaction, the process of uncoupling gene expression itself must result in unsuccessful translation.  
 
Figure 2.4. (A-B) Semi-coupled system, effect of DNase on total yield of protein expression for (A) YFP and (B) 
CFP. (A-D) The orange band indicates the addition of DNAse. The lines indicate mean protein concentrations 
from three separate experiments with standard deviations shown by the shaded areas. (C-D) Coupled (red full 
line) and uncoupled (black dashed line) in vitro transcription and translation for (C) YFP and (D) CFP. 
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Next, we performed the same experiments for yellow and cyan fluorescent protein (YFP and CFP 
respectively). Figures 2.4A and B show the expression curves of semi-coupled 
transcription/translation (dashed blue line) in comparison to coupled protein expression (full red 
line). Again, these expression curves indicate the mRNA concentrations produced during the first 
20 minutes of transcription are enough to yield the same amount of protein as in the coupled 
system where transcription is not stopped. eGFP has been especially designed to yield a higher 
portion of fluorescent protein
24
, therefore it is not surprising that CFP and YFP show lower overall 
yields of expression compared to eGFP. However, in contrast to eGFP, both CFP and YFP show 
slightly higher percentage (20% and 10% respectively) of protein produced in an uncoupled IVTT 
reaction (Figure 2.4C and D), which gives rise to some speculation. Translational initiation is often 
the rate limiting step in prokaryotic gene expression. This is governed by a combination of factors 
including the sequences surrounding the ribosomal binding site (RBS)
33
. YFP and CFP have a 98% 
sequence identity, of which 0 % of the mismatches are within 50 base pairs of the RBS. eGFP, on 
the other hand, has an 92 % sequence identity with CFP and YFP, of which 26 % of the mismatches 
are within 50 base pairs of the RBS (see experimental section for sequences). Therefore, it is 
probable that difference in protein yield for the eGFP, YFP and CFP can be explained by their 
respective difference in mRNA sequence. 
 
2.2.2 Effect of ribosomes on uncoupled gene expression 
In prokaryotic cells, the presence of ribosomes on an mRNA molecule prevents the inactivation of 
this mRNA
1
. We hypothesized that the addition of ribosomes in our uncoupled in vitro system 
could also prevent the inactivation of mRNA. We added 3.6 µM of commercially obtained 
ribosomes (New England BioLabs), to the in vitro transcription only reaction (Figure 2.5A) and saw 
that the uncoupled system is not rescued (Figure 2.5B). Please note, 3.6 µM was roughly estimated 
to be the ribosomal concentration in the crude cell lysate. When we add ribosomal extract 
however, we see that eGFP expression is indeed rescued. We verified that it was the ribosomal 
extract which allowed for successful uncoupling (Figure 2.5D), since uncoupling in the presence of 
lysate without ribosomes (-lysate), and in the presence of ribosome buffer (STB) do not yield any 
protein.  The binding of ribosomes to mRNA, translational initiation, involves three initiation 
factors
34
. Only in the presence of these proteins can the ribosome form a stable complex with the 
mRNA. We speculate that in the ribosomal extract enough residual initiation factors are present to 
enable stable binding of the ribosome to the mRNA. It is this stable complex, which would protect 
the RBS from forming stable secondary structures. The pure, commercially obtained ribosomes, 
however, at the same ribosomal concentration show no protein expression. Here, presumably the 
content of initiation factors is substantially lower than in the ribosomal extract. Therefore, 
ribosomes would not form stable complexes with mRNA and the RBS would be free to form 
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secondary structures. These secondary structures make the RBS inaccessible, thereby inactivating 
the mRNA.  
 
Figure 2.5 (A) Uncoupled transcription and translation. In vitro transcription for approximately 20 minutes in 
the presence of pure ribosomes, or ribosomal extract. Subsequently DNase was added to degrade the 
plasmid DNA, at this point the lysate was added to initiate translation, and protein production was followed 
over time. As a result transcription only occurs in the first 20 minutes, and translation only occurs in the last 
130 minutes. (B) Addition of commercial pure ribosomes (3.6 µM) during transcription in the uncoupled 
system (green dashed line). Coupled (red full line) and uncoupled (black dashed-dotted line) protein 
expression curves are shown for comparison. (C) Addition of ribosomal extract (3.6 µM) during transcription 
in the uncoupled system (green dashed line). Coupled (red full line) and uncoupled (black dashed-dotted line) 
protein expression curves are shown for comparison. (D) Uncoupled gene expression in the presence of lysate 
without ribosomes (-lys, blue dashed-dotted line), and in the presence of ribosome buffer (STB, green dashed 
line).  Coupled (red full line) protein expression is shown for comparison.  
Next, coupled transcription and translation in the presence of lysate and ribosomal extract (5 µM) 
was performed. We wanted to determine what effect the additional ribosomal extract would have 
on the protein expression yield in the coupled system. The yields of eGFP, YFP and CFP in the 
presence of additional ribosomal extract were only approximately 50, 60 and 70 % respectively 
(Figure 2.6A-C). To determine the source of this decrease in yield we performed coupled cell-free 
protein expression in the presence of only the ribosomal buffer (Figure 2.6D). We found that the 
ribosomal buffer decreases protein production yields to approximately 60 %.  
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Figure 2.6 The addition of ribosomes decreases total expression yield for (A) eGFP, (B) YFP and (C) CFP, the 
red solid line shows normal coupled in vitro transcription and the cyan dashed line shows coupled IVTT in the 
presence of additional 5 µM of ribosomes. (D) Coupled gene expression in the presence of the ribosome 
buffer (STB buffer). 
To determine if there was a relationship between ribosome concentration and protein yield, we 
performed uncoupled in vitro transcription and translation for a range of different ribosome 
concentrations. These were compared to a positive control (+C), which was the coupled IVTT in the 
presence of 5 µM of additional ribosomes and a negative control (-C), which was the uncoupled 
IVTT system. The same sets of experiments were carried out for eGFP (2.7A), YFP (2.7B) and CFP 
(2.7C). For all three proteins the yield increases with increasing amounts of ribosomal extract 
added. The addition of ribosomal extract during the transcriptional step fully rescues protein 
expression of the uncoupled system, yielding protein concentrations comparable to the positive 
control (72 %, 106 % and 102 % for eGFP, YFP and CFP respectively). 
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Figure 2.7 Ribosome concentration range for (A) eGFP, (B) YFP and (C) CFP. All three fluorescent proteins 
show recovery to at least 100% of the coupled expression. (D) Addition of ribosomes at different time 
intervals. 
To determine if the effect of additional ribosomal extract was independent of the time-point at 
which they were added, 5 μM of ribosomes were added at different time intervals from the start 
of transcription (Figure 2.7D). The ribosomes were added either from the start of transcription (0 
min), 5 minutes or 10 minutes after the start of transcription. Again this was compare to a positive 
control (+C), which was the coupled IVTT in the presence of 5 µM of additional ribosomes and the 
negative control (-C) which was the uncoupled system. Adding the ribosomes at the start of 
transcription or 5 minutes later had little effect on the protein yield. However, when the 
ribosomes were added 10 minutes after the start of expression we saw that the protein yield 
dropped significantly (to approximately 15%). This indicates that the presence of ribosomes in 
itself is not enough to rescue gene expression, but an incubation time of at least 15 minutes (as we 
incubate a total of 20 minutes) of the ribosomes in the transcription only system is required. 
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Figure 2.8 (A) Range of different factors of which only spermidine and PEG significantly improved the yield of 
protein expression in the uncoupled expression system. (B) Additional spermidine added to the uncoupled 
IVTT reaction. (A-B) Positive control (+C) is normal coupled in vitro transcription and translation. Negative 
control (-C) is uncoupled system. 
Other compounds are commonly used to stabilize mRNA, we therefore combined a set of 
experiments. We compared the effects of poly ethylene glycol (PEG) and Ficoll 70, both commonly 
used crowding agents
26
. However PEG is additionally known enhance transcription at low 
concentrations (2% w/v)
26
. PEG, shows a significant (with 95% confidence) enhancement of 
protein yield, whereas Ficoll shows none (Figure 2.8A). We also determined the effect of 
spermidine, which is known to assist in in vitro transcription
35
, on the uncoupled IVTT reaction. We 
found a significantly (with 95% confidence) enhanced the yield of the uncoupled IVTT reaction. 
However, the yield of 20% for spermidine could not be improved as higher amounts of spermidine 
seemed to have a toxic effect on protein expression (Figure 2.8B). Interestingly the addition of 
NTPs at the translational step also does not improve the yield of uncoupled protein expression, 
indicating that the unsuccessful decoupling is not caused by the depletion of resources. 
Furthermore performing transcription at 37 °C has no significant effect on uncoupling yields. 
 
2.3 Conclusions  
 
We have developed a method for successful uncoupling of prokaryotic transcription and 
translational elongation, yielding protein expression levels similar to a fully coupled system. We 
show that yields of IVTT reactions are strongly linked to the presence of ribosomes at the 
transcriptional level. Our results are in line with previous findings that ribosomes protect mRNA 
and thereby decrease the fraction of inactive mRNA. Furthermore we show that both spermidine 
and PEG slightly improve uncoupling yields. Further studies are however required, to determine 
the cause of unsuccessful uncoupling. We speculate that in the absence of ribosomes binding to 
the RBS, the mRNA is free to form stable secondary structures. If these secondary structures 
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involve the RBS, the mRNA is inactivated, as the site has become inaccessible. This could explain 
why uncoupling is more successful for CFP and YFP, in contrast to eGFP. As CFP and YFP have 
identical sequences around the RBS, they would be expected to form similar secondary structures, 
and thus show similar uncoupling yields. However, the mRNA sequence coding for eGFP is notably 
different (26 % of their mismatches are within 50 base pairs of the RBS), which could explain why 
eGFP shows a substantially lower uncoupling yield. To verify this theory, mRNA secondary 
structures surrounding the RBS would need to be determined, of the three respective mRNA 
sequences. Further quantitative insights into their stability and strength would also strengthen this 
argument. This could be supported by designing DNA sequences, corresponding to mRNA 
sequences which yield weaker secondary structures.  
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2.5 Experimental  
Cloning of the vectors PRSET-CFP and pRSET-YFP:  
The pET plasmids with CFP and YFP sequence at the multiple clone sites were a kind gift of R.Y. 
Tsien. The sequences for CFP and YFP production in the pET plasmids were inserted into pRSET 
vectors (Life Technologies) with Nco-I at the 5’end of the coding sequence (CDS) and a Xho-I 
restriction site at the 3’end of the CDS. The plasmids were purified and purity was analysed using 
gel electrophoresis and sequencing analysis (GATC Biotech, Germany). Concentration of plasmids 
was determined using a Nanodrop N1000 spectrophotometer. The pRSET vector has T7 RNAP 
promoter and terminator regions (all restriction enzymes were purchased from New England 
Biolabs, USA).  
Cloning of the vector pRSET-deGFP-4xBT:  
pRSET-deGFP-4x BT was cloned using the pRSET5d-deGFP plasmid used in
36
 digesting it with 
restriction enzymes XhoI and EcoRI (all restriction enzymes were purchased from New England 
Biolabs, USA) and subsequently removing the 5’phosphate groups with Antarctica phosphatase 
(New England Biolabs, USA). The 4x repeat of the molecular beacon binding site (designed on 
computer, purchased at IDT DNA as ultramer™) was cloned into the pUC18 vector backbone using 
HindIII and EcoRI restriction sites. From the pUC18-4x BT vector the 4x beacon target was cut using 
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SalI and EcoRI creating compatible sticky ends for ligation with the XhoI and EcoRI sticky ends from 
the pRSET5d-deGFP vector. After digestion the appropriate band was cut from an agarose gel and 
purified using QIAquick Gel Extraction Kit (Qiagen, Germany). Ligation was conducted at 16°C over-
night by T4 DNA Ligase (New England Biolabs, USA). The ligation mix was then cloned into XL1 blue 
cells which were selected on Ampicillin agar plates overnight. Appropriate colonies were grown in 
small cultures in LB medium containing 100 µg/ml Ampicillin. Plasmids were isolated using a 
QIAprep Spin Miniprep Kit (Qiagen, Germany). The correct sequence identity was verified by 
Sanger DNA sequencing (GATC Biotech, Germany) and restriction digestion analysis. 
 
Sequence identities 
 
Identities: 858/878 (98%) 
Gaps: 0/878 (0%) 
CFP  1    TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAAC  60 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  1    TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAAC  60 
 
CFP  61   TTTAAGAAGGAGATATACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC  120 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  61   TTTAAGAAGGAGATATACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC  120 
 
CFP  121  CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAGGTTCAGCGTGTCCGGCGAGGG  180 
          |||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
YFP  121  CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGG  180 
 
CFP  181  CGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCT  240 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  181  CGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCT  240 
 
CFP  241  GCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCG  300 
          ||||||||||||||||||||||||||||||| |   ||  ||| || ||||||||  ||| 
YFP  241  GCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGAAGTGCTTCGCCCG  300 
 
CFP  301  CTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT  360 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  301  CTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT  360 
 
CFP  361  CCAGGAGCGTACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA  420 
          ||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  361  CCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA  420 
 
CFP  421  GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA  480 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  421  GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA  480 
 
CFP  481  CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCAC  540 
          |||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||  
YFP  481  CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT  540 
 
CFP  541  CGCCGACAAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGA  600 
           ||||||||||||||||||||||||||||   |||||||||||||||||||||||||||| 
YFP  541  GGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGA  600 
 
CFP  601  CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT  660 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  601  CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT  660 
 
CFP  661  GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGA  720 
          ||||||||||||||||||||||||||||  |||||||||||||||||||||||||||||| 
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YFP  661  GCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCCAACGA  720 
 
CFP  721  GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT  780 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  721  GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT  780 
 
CFP  781  GGACGAGCTGTACAAGGCTGGTAAGCTTGCGGCCGCACTCGAGCAAGAATTCGAAGCTTG  840 
          |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
YFP  781  GGACGAGCTGTACAAGGCTGGTAAGCTTGCGGCCGCACTCGAGCAAGAATTCGAAGCTTG  840 
 
CFP  841  ATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTG  878 
          |||||||||||||||||||||||||||||||||||||| 
YFP  841  ATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTG  878 
 
Identities: 891/969 (92%) 
Gaps: 60/969 (2%) 
 CFP  1    TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAAC  60 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  1    TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAAC  60 
 
 CFP  61   TTTAAGAAGGAGATATACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC  120 
           |||||||||||||||||||||               |||||| ||||| || || || || 
eGFP  61   TTTAAGAAGGAGATATACCAT---------------GGAGCTTTTCACTGGCGTTGTTCC  105 
 
CFP   121  CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAGGTTCAGCGTGTCCGGCGAGGG  180 
           |||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||| 
eGFP  106  CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGG  165 
 
 CFP  181  CGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCT  240 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  166  CGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCT  225 
 
 CFP  241  GCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCG  300 
           ||||||||||||||||||||||||||||||||||||||  |||||||||||||||||||| 
eGFP  226  GCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCG  285 
 
 CFP  301  CTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT  360 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  286  CTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT  345 
 
 CFP  361  CCAGGAGCGTACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA  420 
           ||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  346  CCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAA  405 
 
 CFP  421  GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA  480 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  406  GTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA  465 
 
 CFP  481  CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCAC  540 
           |||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||  
eGFP  466  CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT  525 
 
 CFP  541  CGCCGACAAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGA  600 
           ||||||||||||||||||||||||||||   |||||||||||||||||||||||||||| 
eGFP  526  GGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGA  585 
 
 CFP  601  CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT  660 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  586  CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT  645 
 
 CFP  661  GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGA  720 
           |||||||||||||||||||||||||||||||||||||   |||||||||||||||||||| 
eGFP  646  GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGA  705 
 
 CFP  721  GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT  780 
           |||||||||||||||||||||||||||||||||||||||||||||||||            
eGFP  706  GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC-----------  754 
 
 CFP  781  GGACGAGCTGTACAAGGCTGGTAAGCTTGCGGCCGCACTCGAGCAAGAATTCGAAGCTTG  840 
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                     ||                        |||||||||||||||||||||||| 
eGFP  755  ----------TA------------------------ACTCGAGCAAGAATTCGAAGCTTG  780 
 
 CFP  841  ATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAAT  900 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  781  ATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAAT  840 
 
 CFP  901  AACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAG  960 
           |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
eGFP  841  AACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAG  900 
 
 CFP  961  GAACTATAT  969 
           ||||||||| 
eGFP  901  GAACTATAT  909 
 
In vitro transcription reaction: 
 To solely study gene transcription, a reaction buffer without any cell lysate was prepared. It 
consisted of Hepes (50 mM, pH 8.0), GTP (2.4 mM), ATP (1 mM), CTP (1 mM), UTP (1 mM), 
spermidine (0.66 mM), cAMP (0.5 mM), NAD (0.22 mM), coenzyme A (0.17 mM), 3-PGA (20 mM), 
folinic acid (0.045 mM), tRNA (0.13 mg mL-1), amino acids (1 mM each), magnesium glutamate (10 
mM), potassium glutamate (86 mM), T7 RNA polymerase (130 U) as well as a molecular beacon for 
mRNA detection (0.5 μM). The final DNA concentration in both droplets containing beads and bulk 
solution nwas 5 nM. 
A molecular beacon was used to follow mRNA production. Its backbone was composed of 2’-O-
methylribonucleotides covalently attached to two fluorophores (cyan and green). AlexaFluor® 488 
was synthesized by DNA Technologies and diluted in Milli-Q water to a final concentration of 50 
µM.  
/5Alex488N/mCmCmGmCmAmAmAmUmAmAmAmUmUmUmAmAmGmGmGmUmAmAmGmCmG
m G/3IABkFQ/ 
In vitro transcription/translation reaction:  
The in vitro transcription translation mixture consisted of two parts feeding buffer and one part of 
lysate from BL21 (DE3) cells. The reaction buffer consisted of 50 mM Hepes (pH 8.0); 16,2 mM 
magnesium glutamate; 66 mM of potassium glutamate; 2,4 mM Guanosine Triphosphate (GTP); 1 
Mm of Adenosine Triphosphate (ATP), Cytidine Triphosphate (CTP) and Uridine Triphosphate (UTP) 
each one; 0,66 mM spermidine; 0,5 mM cyclic adenosine monophosphate (cAMP); 0,22 mM 
Nicotinamide adenine dinucleotide (NAD); 0,17 mM coenzyme A; 20 mM 3-phosphogliceric acid 
(3-PGA); 0,045 mM folinic acid; 0,13 mg•mL-1 transfer ribonucleic acid (tRNA); 1mM of each 
amino acid; range of Ficoll (40,70,90 mg•mL-1). T7 polymerase (130 U, wild type or mutant) and 
plasmids were added at the end to initialize transcription. 
The crude cell lysate (25 mg mL-1) was prepared as follows:  
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E. coli Rosetta2 cells were grown at 37°C to an OD600 = 1.5 in 2YTPG broth. After cell growth all 
the subsequent steps were kept on ice. The cells were collected (3000 g, 10 minutes, 4°C), 
thoroughly dissolved in ice-cold 20% sucrose solution (16 ml for 3 g wet pellet weight) and 
incubated on ice for 10 minutes. Cells were then collected (3000 g, 10 minutes, 4°C), resuspended 
in ice cold MQ (4 x wet pellet weight) and immediately spun down (3000 g, 10 minutes, 4°C). Next 
cells were again resuspended in ice cold MQ (4 x wet pellet weight), allowed to incubate on ice for 
10 minutes and spun down  (3000 g, 10 minutes, 4°C). Pellet was then carefully washed twice with 
ice-cold MQ (1.5 x volume). The spheroplast pellet was stored at -80°C.  Pellets were resuspended 
in 0.8x vol. ice-cold MQ. Then, 10 cycles of sonication (10s) at 10 µm amplitude with breaks of 30 s 
on ice. Collection of the cellular debris was performed by centrifugation (15700 rpm, 30 min, 4ºC). 
The supernatant was dialyzed 45 min. against 50% dialysis buffer followed by 3x45 min dialysis 
against 100 dialysis buffer. Lysate was alliquoted and flash-froze in liquid nitrogen.  
Ribosome purification: 
To obtain pure ribosomes and a lysate without ribosomes (-lys), the procedure of crude lysate 
preparation was followed until after the final centrifugation step then the following additional 
steps were performed. The supernatant was collected in ultracentrifuge tubs (10 mL) and filled 
with S30 buffer B. Then, the ribosomes were spun down  (45000 rpm, 3h, 4ºC, Ti90). The 
supernatant collected was dialyzed, which is the lysate without ribosomes (-lys). The pellet from 
the ultracentrifugation was dissolved slowly in S30 buffer B over night at 4ºC. Afterwards, 1,8M of 
sucrose was added to fill the ultracentrifuge tube and the ribosomes were spun down again 
(45000 rpm, 20 h, 4ºC, Ti90). Finally, the pellets were re-dissolved in 500 uL STB buffer, aliquoted 
and flash-freezed in liquid nitrogen for their storage at -80ºC. 
Uncoupling: 
 
 
Figure 2.9 Uncoupled transcription and translation. Methodology followed in order to uncouple transcription 
and translation1. transcription;  2. uncoupling step 3; translation. 
 
The appropriate plasmids were added to the in vitro transcription/translation reagents (see 
above), without crude cell extract. After 20 minutes of reaction at 30ºC, 20 UmL
-1
 DNAse I (Sigma-
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Aldrich) was added to stop transcription. DNA digestion lasted 10 minutes at 30ºC. Subsequently 
8.3 mg mL
-1
 E. coli lysate was added to continue with the translation. Protein expression was 
followed via fluorescence (Tecan’s Infinite 200 PRO plate reader) for around 5 hours at 30°C. 
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3.1 Introduction  
The intracellular environment of a cell differs greatly from conditions typically used to 
study complex biochemical reactions ex vivo: living cells typically contain 200-300 mg mL
-1
 
of macromolecules
1
. Macromolecular crowding has been predicted by theory to have 
various effects on the interactions between different types of macromolecules
2
. 
Macromolecular crowding and confinement could strongly influence reaction and diffusion 
times, non-covalent interactions, as well as production rates, all factors which can differ 
greatly between cell-free and in-cell biochemical processes
1,3-7
.
 
Moreover, the cellular 
cytoplasm has been shown to behave as a glass-forming liquid with increasing particle 
size
8
. This strongly alters diffusive dynamics of cellular components. For instance, it was 
found that mRNAs in bacterial cells rarely disperse from their site of production
9
. 
Therefore, it is often advantageous for functionally related genes to be co-localized
7
. 
Although we continuously improve our understanding of the physical nature of the 
intracellular environment, it remains unclear how confinement, crowding, and localization 
impact on transcription and translation kinetics
10-13
.
  
 
 
Figure 3.1 (A) The distance of the starting points (S1 in comparison to S2)of a molecule from its target 
(T) strongly influence the first passage time of the reaction in a cellular environment. The space 
accessible for the molecule is shown in light blue and the space inaccessible due to macromolecular 
crowding is shown in purple
14
. (B) The effect of 1D, 2D, and 3D diffusion on the time it takes for a 
diffusing molecule (smaller spheres) to reach its target (larger spheres). The gray dashed curves give a 
realistic trajectory and the black solid arrows give the shortest trajectory possible. The plot shows 
that arrival times increase with increasing dimensionality
15
. 
The kinetics of chemical and enzymatic reactions are dependent on the interaction 
probability of reactants
14,16
. This probability is dependent on the diffusivity of the 
reactants, which is strongly influenced by the environment in which the reaction takes 
place
10,13
.
 
Especially in confined systems where small numbers of reactants are involved 
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and the movement of molecules is very slow, for instance in cells, the environment is 
considered to have a large effect on kinetics
14,17,18
. It has been shown both in vivo
19
 and in 
silico
14 
that cellular gene expression, unlike gene expression in dilute solution
20
, undergoes 
so-called geometry-controlled kinetics, due to a combination of the maze-like nature of the 
cellular environment and an immobile DNA target
14,21
.
 
The cell’s interior could therefore be 
described as a maze-like structure
14
. As explained in Chapter 1, studies have shown that 
the starting point of reactants does not influence the kinetics of a reaction in dilute 
solution. In contrast, the starting points (S1 in comparison to S2) strongly influence the 
first-passage time of the reaction , which is the time required for an enzyme to find its 
target, in crowded environments (Figure 3.1A). The activation of a gene in a crowded 
solution can be orders of magnitudes faster if the starting point (S) is in the vicinity of an 
immobile target (T)
14
.  
The time (t) for a molecule to move a certain distance (x) is given by: 
   
  
   
        Equation 3.1 
here D is the diffusion coefficient and qi the numerical constant which depends on the 
dimensionality (qi = 2, 4 or 6 for 1D, 2D, and 3D diffusion, respectively). Therefore, 
decreasing dimensionality is advantageous as it decreases diffusion time (Figure 3.1B) and 
increases the collision frequency of molecules. This strategy is often exploited in cells. For 
instance, a DNA binding protein, when looking for a specific DNA target, is thought to 
undergo a mixture of 1D and 3D diffusion
22-24
. Over short distances and small timescale, 
the mean squared displacement of molecules becomes sub-linear, this anomalous diffusion 
is also termed subdiffusion
25
. An important consequence of this form of diffusion, often 
underestimated when performing experiments at a nano-scale, is that molecules remain 
longer at their initial positions and are more likely to rebind to their earlier target
14,26,27
. 
Therefore, if both the enzyme and the target are free to move in three dimensions, the first 
passage time will be substantially larger. Conventionally, cellular processes are performed 
in free solution, which provide poor mimics of cellular environment.  
Our group has previously shown that coacervates of poly(ethylene glycol) (PEG) and cell 
lysates can serve as crowded microcompartments for in vitro transcription/translation 
(IVTT) 
12,28
. While the process of coacervation has great potential in designing membrane-
free compartments for biological processes, it relies on an undirected assembly and offers 
limited control over the microstructure of the microcompartments or the spatial 
organization of key components therein. As alternatives, we further exploited 
biocompatible, polymeric hydrogel particles produced by droplet-based microfluidics. 
Utilizing bio-orthogonal chemistry has great advantages in the directed generation of 
microcompartments with controlled size, defined microarchitecture, and desired 
functionality
29-31
. In this chapter, the preparation of DNA-functionalized hyaluronic acid 
hydrogel microparticles by droplet microfluidics, to spatially confine gene expression in a 
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hydrogel matrix, is presented. We show that IVTT is confined to the inside of individual 
DNA-functionalized hydrogel particles (HA-S-DNA). We expect, that in a crowded 
environment, the chance of a molecule finding its immobile target is greater than if the 
target were free to move in solution. By following in vitro transcription and in vitro 
transcription/translation separately, we study the effect that macromolecular crowding has 
on gene expression in a porous hydrogel matrix with an immobile target, and compare 
these effects to typical bulk reactions with a mobile target.  
 
3.2 Results and discussion 
 
3.2.1 DNA-functionalized hydrolgels 
 
To mimic geometry-controlled transcription and translation in a synthetic system, we 
covalently coupled DNA to monodisperse hydrogel beads via thiol-Michael addition
32
. By 
employing droplet microfluidics, DNA functionalized hydrogel beads with an average 
diameter of 25 µm, were formed (Figure 3.2A).The hydrogel was composed of hyaluronic 
acid (HA) cross-linked with polyethylene glycol diacrylate (PEGDA), to form polymer 
networks with large pore sizes. The DNA-functionalized beads were then loaded into larger 
droplets (diameter of 50 µm) which contained the E.coli-based cell-free expression 
system
33
, as shown in Figure 3.2B
34
.  The DNA fragment, which we coupled to the hydrogel, 
contained either a sequence encoding for enhanced green fluorescent protein (eGFP) to 
track protein expression, or an mRNA sequence containing a 32-repeat unit of a target 
sequence, to track mRNA expression. This sequence is complementary to a molecular 
beacon that produces a fluorescent signal upon binding to its specific target sequence 
(similar to Chapter 2)
35
.  
 
Figure 3.2 (A, B) Fabrication of a microgel-loaded water-in-oil emulsion prepared by droplet 
microfluidics. (A) Bright-field microscopy image of monodisperse hyaluronic acid microgels in water. 
Covalently attached DNA is homogeneously distributed throughout the hydrogel network. (B) 
Encapsulation of DNA-functionalized microgel particles into microdroplets containing all necessary 
components for performing IVT or IVTT. Characterization of HA-S-DNA hydrogel particles.  
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We first performed IVTT on 7 polymerase chain reaction (PCR) products varying in length 
and sequence, all comprising the sequence encoding for eGFP. The specific DNA fragment 
(Figure 3.2A number 7) was chosen based on the relative high protein expression level 
compared to the other fragments. The resulting PCR product is shown in Figure 3.3B.  
 
Figure 3.3 Design of a DNA template for spatially localized gene expression that will be covalently 
attached to a hydrogel matrix. (A) DNA fragments yielded by PCR employing different pairs of primers 
that bind to pRSET5d-deGFP plasmid DNA (left), deGFP expression of the corresponding DNA 
fragments using a commercial IVTT kit in solution (right). Color coding of expression curves relates to 
the DNA fragments, left, background signal (black) is recorded from an IVTT kit without addition of 
DNA. (B) Linear DNA fragment pairs with a phosphoamidite (AcryditeTM) linker at the 5’ end of the 
template strand and an Alexa 647 tag on the 5’ end of the coding strand. Size of the PCR products are 
1866 bp for mRNA detection and 1585 bp for deGFP detection. For mRNA detection, the sequence 
contained a 32-repeat unit of a target sequence. This sequence is complementary to a molecular 
beacon that produces a fluorescent signal upon binding
35
. 
To determine the pore size of HA-S-DNA particles, we performed diffusion studies with 
fluorescein-labeled  dextran (with a MW of ~2 × 106 g mol−1) and Alexa 647-labeled 
prokaryotic 70S ribosomes with hydrodynamic diameters of approximately 54 nm and 30 
nm, respectively
36,37
. Excess fluorescent tracers were removed by washing the dextran-
bead solution with water, while the ribosome-bead solution was treated with magnesium-
containing buffer to avoid disassembly of the ribosomes into their significantly smaller 30S 
and 50S subunits
38
. Confocal fluorescence microscopy images were taken immediately 
afterwards (Figure 3.4A, left). We indeed observed an increase in fluorescence intensity 
inside the hydrogel particles relative to the background, as shown by the line scans through 
hydrogel particles in Figure 3.4A, right. This indicates that the DNA-functionalized 
hyaluronic acid-based hydrogels are porous enough to allow for the free diffusion into the 
hydrogel, even of large assemblies that will be present in the IVTT mixture. A 
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representative population of hydrogel-bead containing microdroplets loaded with IVTT 
mixture, were collected in microfluidic chambers that enabled fluorescence image 
acquisition over several hours under static conditions, without significant droplet shrinkage 
due to water evaporation. By encapsulating the hydrogel particles and collecting the 
emulsion at 4 °C, we ensured that the onset of in vitro transcription was suppressed until 
the emulsion warmed up under the fluorescence microscope to room temperature 
(approximately 20 °C). Gene expression from HA-S-DNA particles-containing microdroplets 
was then studied in detail. 
 
Figure 3.4 (A) Hydrogel porosity determined via diffusion of fluorescent probes. The scale bar for 
both panels denotes 50 µm. (B) Fluorescence images of hydrogel particles encapsulated in 
microdroplets. Multi-channel acquisition of deGFP (IVTT kit; green channel), Alexa 555 (hydrogel; 
yellow channel) and Alexa 647 (DNA; red channel). Hexagonal packing of droplets indicates 
monodispersity. The scale bar for all panels is 100 µm.  
We performed multi-channel fluorescence acquisition to detect mRNA/protein production 
as well as the position of hydrogel particles and DNA template inside the emulsion 
simultaneously (Figure 3.4B). The water-in-oil emulsions showed excellent monodispersity, 
as indicated by their hexagonal package, presented in Figure 3.4B, left. We used the green 
channel for detecting Alexa 488 or deGFP fluorescence as indicators of mRNA and protein 
production respectively. The yellow channel was used to determine the position and 
number of hydrogel particles inside the microdroplets. The red channel was used to 
determine the relative concentration of DNA inside the hydrogel particles, which in itself 
provides the proof that the DNA is attached to the hydrogel. Considering the fact that in 
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droplets not containing hydrogel particles there is no mRNA or protein expression, we are 
confident that DNA remains attached to the hydrogel.  
 
3.2.2 In vitro transcription  
We hypothesize that by immobilizing DNA within the confinement of a porous hydrogel 
matrix (Figure 3.5A), we can systematically study the kinetics of both in vitro transcription 
(IVT) and translation (IVTT) under geometry-controlled conditions. We used fluorescent 
recovery after photo-bleaching (FRAP), to determine the diffusive dynamics of mRNA in 
hydrogel beads, compared to free solution. Diffusion of mRNA in free solution (Figure 3.4B 
blue squares) shows a clear recovery curve. However, we find that there is no recovery of 
fluorescence in the hydrogel beads (Figure 3.5B red circles), which clearly indicates that 
there is highly limited diffusion of mRNA. Here, we are interested in understanding how 
the reaction rates of microgel versus free solution, change in the presence of 
macromolecular crowding. To determine the effect of macromolecular crowding on gene 
expression, Ficoll 70 was added as a non-interacting macromolecular crowding agent
6,39
.  
 
Figure 3.5 (A) The compact maze-like hydrogel allows for geometry-controlled kinetics. T7 RNAP finds 
its immobile DNA target. (B) FRAP analysis of mRNA distribution during IVT. A minor increase in 
fluorescence inside the microgel 10 min after the bleaching event (confocal microscope image 
sequence) is attributed to continuous formation of mRNA during FRAP. 
First, we studied in vitro transcription (IVT) in two system: (1) In droplets containing 
hydrogel beads. Here DNA was immobilized by covalent attachment to hydrogel beads. The 
beads were subsequently encapsulated in 30 pL droplets. For data analysis we only 
considered droplets containing one bead. (2) In bulk solution. Here DNA was present in 
free solution, in 30 uL reaction volumes.  
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Figure 3.6 The dependence of in vitro transcription kinetics on macromolecular crowding in microgel 
beads compared to bulk solution. (A) Concentration of mRNA over time inside DNA-functionalized 
microgels.  The solid line indicates mean over multiple droplets and the wide bands represent 
standard deviations. (B) Increase in fluorescent intensity in the volume surrounding the microgel. (C) 
Concentration of mRNA over time in bulk solution  (D) Droplets not containing beads (DNA), but 
containing Ficoll and molecular beacon show practically no increase in fluorescence over time. 
Therefore we can rule out unspecific opening of the molecular beacon due to Ficoll. 
We observed a strong increase in mRNA production with increasing Ficoll concentrations in 
droplets containing the gel beads (Figure 3.6A). We do note that there is a small increase in 
molecular beacon fluorescence in the droplet volume surrounding the microgel (Figure 
3.6B) which is on the same order of magnitude for both dilute and crowded media. 
Therefore this fluorescence is attributed, not to mRNA leaking out of the microgel, but to 
mRNA originating from microgel surface-bound DNA. By comparing IVT in DNA-
functionalized and DNA-free microgels (Figure 3.6D), we can also rule out that Ficoll itself 
interacts with the molecular beacon, which might have promoted its unspecific opening 
and an increase in fluorescence. Figure 3.6C shows the concentration of mRNA over time in 
bulk solution. In this experiment the concentration of molecular beacon used was only 200 
nM (compared to 3000 nM in the transcription experiments with microgel beads). 
Therefore, the low absolute yield of mRNA detected can be explained by the molecular 
beacon being the limiting factor.  
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Figure 3.7 (A) Experimental transcription rates on confined DNA-functionalized microgels compared 
to (B) bulk solution, squares and circles respectively. An extended Michaelis-Menten model for gene 
transcription with DNA as single substrate under the influence of macromolecular crowding is applied 
(A and B, solid lines). 
Rates of mRNA production were calculated from a fit to the linear part of the expression 
curve, for both the non-confined bulk IVT system, and in the gel beads. Figure 3.7A shows 
that mRNA production rates in the gel beads increased 5-fold upon the addition of 150 mg 
mL
-1
 of Ficoll. Conversely, transcription rates from freely diffusing DNA in solution showed 
a decrease when Ficoll concentrations were increased (Figure 3.7B). To understand the 
increase in transcription rates within the gel beads and the decrease in bulk solution, with 
increasingly crowded environments, we carried out a detailed kinetic analysis. 
Transcription was simplified to a single Michaelis-Menten-type reaction following: 
[  ]  [   ]
    
←    
 
     
→    [      ]
    
→  [  ]  [   ]  [    ] Equation 3.2 
where kon is the rate of T7 RNA polymerase binding to the promotor region on the DNA 
target, koff is the rate of RNA polymerase detaching from the promotor region without 
starting catalytic polymerization and kcat the turnover number. We assumed Michaelis-
Menten kinetics with the following rate equation for transcription:  
     
        [   ]
     [   ]
         Equation 3.3 
where VTx is the transcription rate, Vmax,Tx is the maximum rate achieved by the system 
([enzyme].kcat) and KM,Tx the Michaelis constant for transcription. The DNA concentration 
was 5 nM for both bulk solution and gel beads. We first determined the KM,Tx and Vmax,Tx for 
the bulk dilute environment (i.e. free solution DNA), and found values of 24 nM and 1.2 nM 
min
-1
 respectively (Figure 3.8A). These values fit the transcription rates in both the bulk 
solution and hydrogel beads in the absence of Ficoll (0.2 nM min
-1
). Therefore in the 
absence of macromolecular crowding the hydrogel has no significant effect on the kinetics. 
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Figure 3.8 Bulk environment (A) Michaelis-Menten saturation curve for transcription rates giving a 
KM,Tx value of 24 nM and Vmax,Tx value of 1.2 nM min
-1
. (B) Viscosity increases with increasing Ficoll 
concentration (GE Healthcare Data File 18-1158-27-AB). (C) Calculated kdiff
 
for increasing Ficoll 
concentrations (kdiff
η
). (D) Calculated KM,Tx
eff
 for increasing Ficoll concentrations. 
Volume exclusion effects, resulting from macromolecular crowding, typically increases the 
chemical activity of molecules, decreasing their effective dissociation constants
2
. However, 
crowding also causes severely reduced diffusion coefficients which will decrease 
probability of reactants meeting
40
. These two contributions have opposite effects on 
observed reaction rates. To first determine the effect of decreased diffusion constants with 
increasing Ficoll concentration we can no longer assume standard Michaelis-Menten 
kinetics, but take into account diffusion kinetics when when defining KM,Tx
eff 41
: 
      
     
         
   
  
    
     
         Equation 3.4 
where the term on the left is the standard definition of the Michaelis constant and the 
term on the right takes into account the dependency of KM,Tx
eff
 on diffusion. The addition of 
crowding agent slows down diffusion
42
, lowering kdiff. We calculated values for kdiff based 
on the viscosity (η) of Ficoll: 
       
     
  
       Equation 3.5 
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kB is Boltzmann’s constant, T is temperature (in Kelvin), A is Avogadro’s number and η is the 
viscosity of Ficoll obtained from GE Healthcare Data File 18-1158-27-AB (Figure 3.8B). We 
could therefore calculate kdiff (Figure 3.8C) and the corresponding change in kdiff  (Δkdiff) 
from: 
         
     
 
     
        Equation 3.6 
We used this change in kdiff (Δkdiff) to calculate the change in KM,Tx
eff
 (Figure 3.8D) with 
increasing Ficoll concentrations (increasing viscosity). The model predicts increased KM,Tx
eff
 
values for increasing Ficoll concentrations. These adjusted KM,TX
eff
 values provide a good fit 
for the experimentally observed transcription rates in a freely diffusing DNA solution with 
increasing Ficoll concentration. In Figure 3.7 B the blue triangles show the experimental 
results and the blue line the calculated rates.  
 
Figure 3.9 Change in KM,tx
eff
 with increasing Ficoll concentration in the compact gel beads, 
corresponding to the fitting of our experimental data. 
We cannot, however, explain the increase of experimental transcription rates in the 
microgel beads (Figure 3.7 A red squares) with increasing Ficoll concentrations using 
decreased diffusion constants. Therefore an additional factor must explain this observed 
enhancement. To determine what causes these increased rates we developed another 
fitting strategy. First, we fit (Figure 3.7A red line) the transcription rates obtained 
experimentally with the following equation: 
    
 [      ]
  
       [   ]
             [      ]  [   ]
    Equation 3.7 
where Vmax,Tx is 1.2 nM min
-1
, KM,Tx for the dilute environment is 24 nM and a DNA 
concentration of 5 nM. We obtained a value for a of 0.017 (± 0.002) with an R-Squared 
value of 0.9. We therefore used the following equation to calculate KM,Tx
eff
: 
      
                  [      ]     Equation 3.8 
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where a = 0.017. From the resulting values of KM,Tx
eff
 (Figure 3.9) we see that there is a 
decrease in KM,Tx
eff
 as the Ficoll concentration is decreased. This decrease and thus increase 
in reaction rates, with increasing Ficoll concentrations, could be a result of the maze-like 
crowded structure leading to enhanced probabilities of reactants meeting
14
 and 
macromolecular crowding favoring a bound state of T7 RNAP
39
. 
Summarizing, we observe two distinct behaviors. In bulk free solution, where both DNA 
and T7 RNAP are free to diffuse, the Ficoll molecules have an inhibitory effect. This, as 
modeling results show us, can be explained by decreased diffusion related to increased 
viscosity. However, in the hydrogel beads the Ficoll, in fact, enhances transcription rates. 
This enhancement is not caused by the hydrogel beads themselves as in the absence of 
Ficoll transcription rates both in the hydrogel bead and in bulk solution are comparable. 
Therefore, it is a combination of the hydrogel bead and Ficoll which causes the enhanced 
transcription rates.  
3.2.3 In vitro transcription and translation  
 
Figure 3.10 (A) Rates were taken from the linear part of the IVTT expression curves (lines indicate 
fits). (B) IVTT rates in microgels fit with the Michaelis-Menten model for transcription-translation 
taking into account solely the increased transcription rates from Figure 2 (black line) and an 
additional decrease in KM,Tl (red line). (C) rates were taken from the linear part of the bulk IVTT 
expression curves (lines indicate fits). (D) IVTT rates in bulk solution (blue circles) can be explained by 
the decreased in transcription rates from Figure 2 (blue line).  
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Next, we studied in vitro transcription and translation (IVTT) following the production of 
enhanced Green Fluorescent Protein (eGFP) in bulk and in the microgels. We determined 
protein production rates in the presence of Ficoll from the expression curves (Figure 
3.10A). The rates in the gel beads increased from 0.02 µM min
-1
 at 0 mg mL
-1
 of Ficoll to 
0.11 µM min
-1
 at 100 mg mL
-1
 of Ficoll (Figure 3.10B red squares). Conversely, the protein 
production rates in bulk solution show a decrease as the concentration of Ficoll is increased 
(Figure 3.10C and D blue circles).  
 
Figure 3.11 Two-step Michaelis-Menten reaction approximating the transcription and translation 
reaction  
To rationalize these results we first modeled transcription and translation as a two-step 
Michaelis-Menten reaction (Figure 3.11)
43
, where translation was simplified to a single 
Michaelis-Menten-type reaction following: 
[   ]  [    ]
    
←    
 
     
→    [        ]
    
→  [   ]  [    ]  [   ] Equation 3.9 
where kon is the rate of the ribosome binding to the ribosomal binding site (RBS) on the 
mRNA target, koff is the rate of the ribosome detaching from the RBS without starting 
catalytic polymerization and kcat the turnover number. In the transcriptional step we used a 
Vmax,Tx of 1.4 nM  min
-1 
and a KM,Tx
eff 
previously established for the compact gel beads over 
the range of Ficoll concentrations. For translation we used equation 3.3, but with mRNA as 
the substrate: 
     
        [    ]
     [    ]
      Equation 3.10 
where [mRNA] was calculated using Equation 3.3. We first modeled the translational step 
using a fixed Vmax,Tl / KM,Tl for all Ficoll concentrations, obtained by fitting equation 3.10 to 
the protein expression curve in gel beads with 0 mg mL
-1 
Ficoll (Figure 3.12A). We thus 
found a Vmax,Tl / KM,Tl of 0.33 min
-1
. We then calculated the translation rate taking into 
account solely an increase in mRNA production rates, with increasing Ficoll concentration. 
As shown by the black dashed line in Figure 3.9B, this clearly does not fit our experimental 
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data (Figure 3.9B red squares). When fitting our experimental data, by varying KM,Tl
eff
 in a 
similar way as adapted for transcription (Equation 3.8), we again find an exponential 
decrease in KM,Tl
eff
.  
    
 [      ]
  
        [    ]
             [      ]  [    ]
    Equation 3.11 
where a DNA concentration of 10 nM was used in Equation 3.3 to determine [mRNA]. 
Taking Vmax,Tl  to be 0.3 µM min
-1
 and KM,Tl to be 0.9 µM. We found a value for a of 0.015. 
We therefore used the following equation to determine change in KM,Tl
eff 
(Figure 3.12B): 
         
            [      ]      Equation 3.12 
 
Figure 3.12 (A) Dilute expression curves with the fitting of Equation 3.10 to determine Vmax,Tl/KM,Tl. (B) 
KM,Tl
eff 
values for increasing Ficoll concentrations. 
For the experiments in beads, we found an additional 4-fold increase in translation rate, 
this enhancement could be explained by, for instance, an increased affinity of the 
ribosomes for mRNA (change in ratio koff/kon) inside the corwded hydrogels, which is in-line 
with our results obtained for transcription. The protein production rates in bulk solution 
however, show a decrease as the concentration of Ficoll is increased (Figure 3.9D blue 
circles). To explain the decrease in protein expression rates observed, we modeled 
transcription and translation as a two-step Michaelis-Menten reaction, taking into account 
the decreased transcription rate observed in Figure 3.6B. The quality of the fit suggests 
that the decrease in protein production can be explained by the drop in transcription. Ficoll 
seems to have little or no adverse or positive effect on translation. This is in slight contrast 
to our earlier report on transcription and translation in PEG coacervates, where the high 
concentration of PEG had significant and negative impact on translation
12
.  
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3.3 Conclusions  
It is not merely the attachment of DNA to the interior of a hydrogel bead a that leads to 
changes in transcription and translation rates compared to free bulk solution. This is 
probably due to the large pore size of the hydrogel which allows the T7 RNAP and 
ribosome to diffuse freely through the microgel. However, differences become pronounced 
upon the addition of macromolecular crowding agents. We have shown  that in a cell-like 
environment, as presented inside hydrogel beads with crowding agent, the interaction 
probabilities of reactants increase and volume-exclusion effects dominate. As a result, 
koff/kon decreases, generating substantially lower KM,Tx
eff
 and KM,Tl
eff
 and correspondingly 
higher reaction rates.  
Our results indicate that transcription and translation kinetics are strongly influenced by 
the surrounding environment, especially spatial confinement and immobility of the target 
at a nanoscale level. This emphasizes the importance to consider these key properties 
when studying reaction kinetics in different environments. Moreover, our results have 
strong implications for the future design of cell-free biological functions to bridge the 
current gap between in vitro simplicity and in vivo complexity. 
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3.5 Experimental  
General experimental details  
All chemicals and reagents were used as received unless otherwise noted. MilliQ water was 
obtained from a Labconco Water Pro PS purification system with a resistivity of 18.1 MΩ. 
Primer for PCR and molecular beacons were obtained from Integrated DNA Technologies 
(Coralville, USA). Biological samples were prepared in sterile Scanlaf Mars Safety Class 2 
flow boxes (Labogene, Denmark), and glassware as well as water were autoclaved prior to 
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use. Thiolated hyaluronic acid was synthesized following a modified protocol[17] previously 
developed by Prestwich and coworkers
44
. Dialysis was performed in Spectra/Por® dialysis 
membranes (MW cut-off: 3,500 g mol-1). NMR spectra were recorded on a Bruker AV III 
600 spectrometer with D2O as solvent and TMS as internal standard. The corresponding 1H 
spectrum is shown in Figure S1. Bright-field microscopy imaging was performed on an IX41 
microscope (Olympus) equipped with a 10x, 20x and 40x objective (air) and a Phantom 
MIRO ex2 high-speed camera (Vision Research Inc., USA); the setup was stored in a cold 
room at 4°C and low humidity. Confocal microscopy measurements were performed using 
an Olympus IX81 confocal microscope equipped with an Andor iXon3 camera, Andor 400-
series solid-state lasers, and a Yokogawa CSU-X1 spinning disk unit. DeGFP and beacon 
molecules were excited at 488 nm and fluorescence emission detected using a 520/55 nm 
band pass filter. Alexa 555 and the Alexa 647-labeled DNA were excited at 561 nm and 637 
nm, respectively, and fluorescence emission detected using 617/73 nm and 676/29 nm 
band pass filter, respectively. 
 
Figure 3.12 (A) Molecular beacon (B) eGFP calibration curves.  
To relate the fluorescence intensity given as arbitrary units from confocal microscopy 
experiments to the amount of mRNA and deGFP produced in hydrogel particle loaded IVTT 
microdroplets, defined amounts of Alexa 488 and eGFP were compartmentalized into 
water-in-oil droplets and imaged with the same settings on the confocal microscope 
(Figure 3.12)  
 
Cloning of the vectors pRSET-deGFP-4xBT and pET-32xBT:  
pRSET-deGFP-4x BT was cloned using the pRSET5d-deGFP plasmid used in
32
 digesting it 
with restriction enzymes XhoI and EcoRI (all restriction enzymes were purchased from New 
England Biolabs, USA) and subsequently removing the 5’phosphate groups with Antarctica 
phosphatase (New England Biolabs, USA). The 4x repeat of the molecular beacon binding 
site (designed on computer, purchased at IDT DNA as ultramer™) was cloned into the 
pUC18 vector backbone using HindIII and EcoRI restriction sites. From the pUC18-4x BT 
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vector the 4x beacon target was cut using SalI and EcoRI creating compatible sticky ends 
for ligation with the XhoI and EcoRI sticky ends from the pRSET5d-deGFP vector. After 
digestion the appropriate band was cut from an agarose gel and purified using QIAquick 
Gel Extraction Kit (Qiagen, Germany). Ligation was conducted at 16°C over-night by T4 DNA 
Ligase (New England Biolabs, USA). The ligation mix was then cloned into XL1 blue cells 
which were selected on Ampicillin agar plates overnight. Appropriate colonies were grown 
in small cultures in LB medium containing 100 µg/ml Ampicillin. Plasmids were isolated 
using a QIAprep Spin Miniprep Kit (Qiagen, Germany). The correct sequence identity was 
verified by Sanger DNA sequencing (GATC Biotech, Germany) and restriction digestion 
analysis. 
 
Figure 3.13 Scheme showing the procedure for cloning the 32 X Beacon target, after the first 
insertion of an oligonucleotide containing four repeat units, the target region (marked in red) was cut 
out with SalI at the 5’end of the coding sequence (CDS) and BamHI at the 3’end of the CDS. The 
plasmid backbone also containing the target region was cut with XhoI and BamHI both at the 3’end of 
the CDS, this was ligated with BamHI since XhoI and SalI have complementary sticky ends. The 
resulting plasmid was subsequently amplified in Top 10 cells. This procedure was repeated until a 32 
x Repeat unit was formed. 
Cloning of pET-32xBT was conducted in the pUC18-4x BT vector for amplification following 
the protocol of Robinett and colleagues
45
. The sequence of the 4x repeat subunit ordered 
by Integrated DNA Technologies is shown below. 
ATCGGTCGACCTTACCCTTAAATTTATTTGCGTACGCCATAGCTAGCTACACTTACCCTTAAATTTAT
TTGCAACGTACCTAACGCATCGACTTACCCTTAAATTTATTTGCTACTATACTAAACTACCTACTTACC
CTTAAATTTATTTGCACTACTGGAAAACTACCTCTCGAGGGACTGATCACTTGGGATCCATG  
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The duplex was cut (SalI and BamHI) and inserted into a pUC18 vector (Thermo Scientific). 
Sequential doublings of this sequence were performed to obtain 32 repeat units and 
subsequently inserted into pET-28a-c(+) vector (Novagen) using HindIII (not in this 
sequence) and XhoI. The target sequence for the molecular beacon is underlined, matching 
restriction enzymes sites are marked with fitting colours. DNA fragmenst for binding were 
obtained by.  
 
Polymerase chain reaction (PCR): 
 
PCR reactions were performed in a T Professional Thermocycler (Biometra) in 500 µL-
scale reactions. Each reaction mixture contained in final concentrations 20 mM Tris-HCl (pH 
7.9), 100 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 20 mM MgSO4, 0.2 mM 
dNTPs, 1 µM forward primer, 1 µM reversed primer, approx. 100 to 500 ng DNA and 
recombinant Pfu DNA polymerase (6.25 U, Life Technologies, USA). The reaction was first 
incubated for 2 minutes at 95°C followed by 36 cycles of 30 seconds at 95°C, 45 seconds at 
53°C and 4 minutes at 72°C. After the last cycle all incomplete fragments were elongated at 
72°C for 10 minutes, and the mixture was stored at 4°C (short time) or -20°C until further 
purification using a QIAquick PCR Purification Kit (Qiagen, Germany, microcentrifuge 
protocol). All PCR reactions were analyzed by agarose gel electrophoresis using a 
GeneRuler™ DNA Ladder Mix (Life Technologies, USA). DNA concentrations were 
detemined with a NanoDrop Spectrophotometer ND-1000 (Thermo Scientific, USA). 
 
Table 3.1: Primers used to create the different DNA template fragments. 
Plasmid Forward primer Reverse primer 
pRSETdeGFP-4xBT 5’-/5Alexa647N/TTTTTGTGATGCTCGTCAGG -3’ 5’-/5Acryd/AGGGAAGAAAGCGAAAGGAG -3’ 
pET32x BT 5’-/5Alexa647N/CGGCGTAGAGGATCGAGA-3’ 5’-/5Acryd/AGGGAAGAAAGCGAAAGGAG -3’ 
 
Fabrication of microfluidic devices:  
Stamped microfluidic devices were fabricated combining photo- and soft lithography, as 
shown in Figure S3
46,47
. A negative photoresist (SU-8 25 Microchem Co., USA) was spin-
coated onto a silicon wafer (2”, SI-MAT, Germany). The photoresist-coated wafer was then 
mounted onto a mask aligner (MJB3, Süss MikroTec, Germany) and exposed with UV light 
(365 nm) through a transparent photomask (JD Phototools, UK) containing the desired 
microchannel structure. A replica in poly(dimethylsiloxane) (PDMS), approximately 23 µm 
in height, was formed by mixing PDMS oligomer and cross-linker in a ratio of 10 : 1 w/w 
(Dow Corning, Germany) and curing the homogeneous, degassed mixture at 65 °C for 2 
hours. Access ports for tubing were then drilled into the replica with a biopsy needle (outer 
diameter: 1.0 mm, Pfm, Medical Workshop, USA). The final microfluidic device was 
assembled by bonding the PDMS replica to a glass slide via oxygen plasma treatment (60 
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W, 10 s, FEMTO, Diener electronic GmbH). The bonding process was completed in an oven 
at 90 °C for approximately 1 h. 
Fabrication of DNA-functionalized microgels via droplet microfluidics 
Thiolated hyaluronic acid dissolved in autoclaved PBS buffer (80 µL, 4.5% w/w, pH 4.7) and 
40 μL DNA in water (approximately 350 to 500 ng µL
-1
) were pre-incubated on a thermo 
shaker (Grant Bio PCMT, UK) at 37 °C for 75 min. Then, poly(ethylene glycol) diacrylate (575 
g mol
−1
) dissolved in degassed PBS (80 µL, 0.3% w/w) and 0.5 μL Alexa Fluor® 555 C2 
Maleimide (Life Technologies, USA) were added and the pink solution loaded into a 
gastight syringes (Hamilton 1000 series) mounted onto high-precision syringe pumps 
(Cetoni
®
 neMESYS, 14.5 gear). For forming water-in-oil microdroplets, another syringe was 
filled with an ABA copolymer surfactant (2% w/w) dissolved in fluorinated oil (HFE 7500, 
3M
®
).
47
 The syringes and a microfluidic device with flow-focusing unit, 23 µm in height and 
width at the droplet-forming nozzle, were connected via PE tubing (HSE Harvard Apparatus 
GmbH, inner diameter = 0.38 mm, outer diameter = 1.09 mm). We formed hydrogel 
precursor microdroplets at 4°C in a cold room by injecting water as the inner phase and 
fluorinated oil as the outer phase at typical flow rates of 200 and 600 µL h
-1
, respectively. 
The outlet tubing of the microfluidic device was fed into a Parafilm-sealed Eppendorf tube. 
Polymerization of the as-collected emulsion was achieved by heating the emulsion at 37°C 
for 20 min. followed by 60°C for 40 min. 
The hydrogel particles were extracted from the emulsion by addition of 1H,1H,2H,2H-
perfluoro-1-octanol (20% v/v in HFE 7500) and additional 500 µL water to transfer the 
particles into an aqueous phase. After phase separation and removal of the oil, the particle 
suspension was washed three times with an aqueous solution of L-glutamic acid potassium 
salt monohydrate (467 mmol), which had a comparable ionic strength as the IVT / IVTT kits, 
and three times with plain water to remove any hydrogel-adhering and trapped DNA 
template that could later leak out of the particles.  
Preparation of an IVT reactions:  
To solely study gene transcription, a reaction buffer without any cell lysate was prepared. It 
consisted of Hepes (50 mM, pH 8.0), GTP (2.4 mM), ATP (1 mM), CTP (1 mM), UTP (1 mM), 
spermidine (0.66 mM), cAMP (0.5 mM), NAD (0.22 mM), coenzyme A (0.17 mM), 3-PGA (20 
mM), folinic acid (0.045 mM), tRNA (0.13 mg mL
-1
), amino acids (1 mM each), magnesium 
glutamate (10 mM), potassium glutamate (86 mM), T7 RNA polymerase (130 U) as well as a 
molecular beacon for mRNA detection (15 μM for IVT in beads and 0.2 uM for IVT in free 
solution). The final DNA was 5 nM.  
Preparation of an IVTT reactions:  
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The coupled transcription-translation system generally consisted of one third (v/v) of cell 
lysate from BL21 cells (Rosetta™ 2 host strains) at a concentration of approximately 25 mg 
mL
-1
 and of two third (v/v) of a reaction buffer stock. 
The final IVTT reaction mixture consisted of Hepes (50 mM, pH 8.0), guanosine 
triphosphate (GTP, 2.4 mM), adenosine triphosphate (ATP), cytidine triphosphate (CTP) and 
uridine triphosphate (UTP) each at a concentration of 1 mM, spermidine (0.66 mM), cyclic 
adenosine monophosphate (cAMP, 0.5 mM), nicotinamide adenine dinucleotide (NAD, 0.22 
mM), coenzyme A (0.17 mM), 3-phosphoglyceric acid (3-PGA, 20 mM), folinic acid (0.045 
mM), transfer ribonucleic acid (tRNA, 0.13 mg mL
-1
), amino acids (1 mM each), magnesium 
glutamate (10 mM), potassium glutamate (66 mM), T7 RNA polymerase (130 U) as well as 
the BL21 cell lysate (now 8.3 mg mL
-1
), which contributed additional magnesium glutamate 
(5 mM) and potassium glutamate (20 mM). The final DNA concentration in droplets 
containing beads (compact environment) was 10 nM. 
Encapsulation of DNA-functionalized microgels into IVT(T)-loaded droplets 
For studying gene transcription and translation in our hydrogel particles, Hydrogel particles 
were encapsulated into IVTT-loaded microdroplets using the same setup for microfluidic 
experiments, as described above, but located in a cold room set to 4 °C. All consumables as 
well as the microfluidic device were equilibrated at 4 °C for 1 h. A homogeneous 
suspension of 120 μL of the IVTT mixture was combined with 35 μL of DNA-functionalized 
hydrogel particles and stored on ice. Into a microfluidic flow-focusing device with a height 
and width of 50 μm at the droplet-forming nozzle, the IVTT-particle suspension was 
injected as the inner phase and fluorinated oil containing 2% (w/w) of surfactant as the 
outer phase. The flow rates of the inner and outer phase were set to 180 μL h
−1
 and 630 μL 
h
−1
, respectively. The emulsion-encapsulated hydrogel particles were directly fed into a 
microfluidic chamber device to minimize evaporation and allow for long-term imaging. The 
chamber was sealed with transparent tape and transferred to the confocal microscope 
where the samples warmed up to room temperature and were directly analyzed.  
Fluorescent recovery after photobleaching 
Fluorescent recovery after photobleaching experiments were performed on an Olympus 
IX81 confocal microscope, with an Andor iXon3 camera, Andor 400-series solid state lasers, 
a Yokogawa CSU-X1 spinning disk and an Andor FRAPPA photobleach module. Droplets 
were made of a 1.6 µM ribosome solution of which 29% was labelled with a NHS-Alexa 647 
fluorophore. A 12 µm strip was bleached at 100% laser intensity (λ = 637 nm, dwelling time 
200 µs, 2 repeats). Fluorescent recovery was subsequently monitored (λ = 637 nm, 
exposure time = 200ms, Gain = 300).  
For the fluorescent recovery the raw data was normalized using the following equation: 
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where Idrop-pre is the intensity of the droplet before bleaching, Idrop is the intensity of the 
droplet, Ibackground is the background fluorescent intensity, Ifrap is the fluorescent intensity of 
the frap region and Ifrap-pre is the intensity of the frap region before bleaching.  
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4.1 Introduction  
Random fluctuations are ubiquitous in all living systems, from the random walk of ants
1
 to a 
molecular level in biochemical networks
2
. Cellular systems where these variations, termed noise, 
have been found to be of significant importance include, but are not limited to, prokaryotic and 
eukaryotic
3-5
 cells, eukaryotic stem
6,7
 and cancer cells
8
, and cells expressing viruses
9,10
. Gene 
expression in cellular systems is an important example of a stochastic complex enzymatic process. 
Cellular variability is largely due to random fluctuations in gene expression. Figure 4.1 gives some 
examples of phenotypes which are caused by differences in gene expression, despite identical 
genotypes. Stochastic gene expression, or gene expression noise, gives rise to fluctuations in 
protein production involving a random factor which cannot always be determined, or predicted
11
. 
The copy number of a protein can therefore fluctuate between cells, even if the cells are 
genetically identical. As a result, gene expression is best described as a probability distribution 
rather than a measured, defined value
2
. In this distribution, gene expression noise (η) is defined as 
the standard deviation ( ) divided by the mean (m) of the population (   
  
 
)
12
.  
 
Figure 4.1 Examples of stochastic gene expression (A) Fingerprints of identical twins
13
. (B) Cloned cats 
showing different coat patterns
14
. (C) Differences in fluorescent protein levels in bacterial cells
15
.  
Single-cell experiments have proven useful in broadly differentiating between different sources of 
variation in gene expression. The inherent stochasticity of the biochemical reaction (intrinsic noise) 
is the source that we are most interested in
15,16
. Other sources include, variations caused by 
differences in cellular state,, environmental differences, and ongoing genetic mutations
5
. We aim 
to employ a bottom-up approach to understand what causes gene expression noise at a molecular 
level. Typically, noise can be categorized into two main sources: extrinsic and intrinsic noise
16,17
. 
When comparing the expression of two identical, yet independent genes in vivo, fluctuations in 
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the amounts or states of cellular material lead to correlated fluctuations in expression of both 
respective proteins, which  is considered extrinsic noise. On the other hand, the stochasticity of 
biochemical processes, or other factors, leading to uncorrelated fluctuations in the numbers of 
either protein, is considered intrinsic noise. In line with these explanations, but to avoid confusion 
with other in vivo experiments and taking into account our experimental setup, we make the 
distinction between uncorrelated and correlated noise
18-20
.  
 
Figure 4.2 (A) Correlated noise is dominated by the Poisson distribution of reactants over the population of 
droplets, causing differences of CFP and YFP levels between droplets, i.e. CFP and YFP levels within a droplet 
are correlated.(B) Uncorrelated noise is the noise orthogonal to the line CFP=YFP.  
Figure 4.2 is a schematic representation of our experimental setup. Using droplet microfluidics, we 
produce water-in-oil emulsions which contain all the components required for cell-free gene 
expression. This includes plasmid DNA, in our case one encoding for cyan fluorescent protein 
(CFP), and another encoding for yellow fluorescent protein (YFP). For successful transcription to 
occur, we further require T7 RNA polymerase and the building blocks for RNA (NTP’s). The 
translational step requires transcribed RNA, the ribosomes and assisting proteins, tRNA, and the 
building blocks for polypeptides (amino acids). After encapsulation, we follow protein expression 
over time and from the resulting fluorescent intensities per droplet we can differentiate between 
uncorrelated and correlated noise. Therefore, in our in vitro system, correlated noise arises from 
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the inhomogeneous Poisson distribution of molecules among different bio-reactors, leading to 
droplet-to-droplet variation in expression. However, within one bio-reactor CFP and YFP levels are 
correlated. Correlated noise can be calculated from the covariance between normalized CFP (ICFP) 
and YFP (IYFP) intensities over all droplets. Uncorrelated noise can be seen as the extent to which 
the output of two reactions in the same confined space differs
16
, and is calculated as the 
normalized root mean square distance from the line CFP = YFP (see experimental section: image 
analysis, for more details).  
Various physical and biochemical factors contribute to the uncorrelated noise in our experiments 
(Figure 4.3): first, as a result of our experimental design using plasmids, our uncorrelated noise is 
influenced by differences in the relative Poisson distributions of CFP and YFP plasmids. This 
contribution is not present in the original approach taken by Elowitz and co-workers, and the 
uncorrelated noise we discuss here should therefore not be confused with their intrinsic noise
15
. 
Second, uncorrelated noise arises from the randomness inherent to biochemical reactions and 
increases with decreasing numbers of reacting molecules. Third, there is a possible contribution 
from differences in the maturation time of CFP and YFP. Finally, discussed in more detail in 
Chapter 5, the physical environment within one droplet, reflected for instance by limited diffusion 
or crowding, can lead to an enhancement of the variations in reaction rates, and makes an 
additional contribution to uncorrelated noise.  
 
Figure 4.3 Uncorrelated noise is caused by relative differences in the Poisson distributions of plasmids, 
stochasticity of the biochemical reactions, differences in the maturation time of CFP and YFP, and the effect 
of a crowded environment with limited diffusion. 
To quantify various contributions to noise in in vitro gene expression, we study 
transcription and translation of two fluorescent proteins in picoliter droplets21-24. Picoliter 
droplets are ideally suited to study biochemical reactions involving very small numbers of 
reactants22,23,25. The microfluidic approach allows for precise control over droplet volume, 
producing a large number of monodisperse water in oil droplets at rates up to 500 
droplets per second. This high number of identical droplets provides high reproducibility. 
We can therefore easily measure stochasticity as a function of DNA copy number. More 
specifically, we are interested in the effects of different DNA copy numbers. Our results 
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allow fine-tuning of the sensitivity or resilience to crowded conditions of bio-inspired 
synthetic pathways and emphasize the complex interplay between the cellular 
environment and the dynamics of cellular processes. 
4.2 Results and discussion 
4.2.1 Effect of DNA copy number on noise  
 
Figure 4.4(A) Average CFP and YFP expression over all droplets. (B) Uncorrelated (red full squares), correlated 
(blue empty circles) and total noise (black empty triangles) values over time for 7600 copies of each plasmid 
per droplet. (C) Cell free protein expression was performed in bulk (50 µL) at 30°C. Addition of 
chloramphenicol prevents further protein production, after residual increase in fluorescence, due to 
maturation of CFP; there is no decrease in protein fluorescence. (B) Normalized CFP versus normalized YFP 
intensities of the whole population of droplets at 100 minutes after the start of fluorescence increase for 190 
(green full squares), and 16,000 copies (blue empty circles) of each plasmid per droplet. Each point represents 
one droplet. The line is the axis X = Y. 
By measuring the fluorescence intensity of YFP and CFP, expressed from their respective plasmids, 
for a population of 300 droplets every 10 minutes (Figure 4.4A) and thus following the expression 
of both proteins per droplet, we can calculate the time evolution of uncorrelated, correlated and 
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total noise in our system. Figure 4.4B shows that the noise levels decrease over time, which is in 
agreement with the observed increase in protein concentration over time. There is a constant 
increase in protein concentrations, because we have no observable protein degradation (Figure 
4.4C).  
 
Figure 4.5 Expression and noise curves of images from Figure 3a. Average CFP (full line) and YFP (dotted line) 
expression over all droplets with standard deviation in blue and yellow respectively. Uncorrelated (red full 
squares), correlated (blue empty circles) and total noise (green empty triangles) values over time.  
We lowered the DNA concentration from 16,000 copies to 100 copies per droplet of both the CFP 
and YFP plasmids; the concentrations of all other components were kept constant throughout 
these experiments. Plotting the normalized fluorescence intensities of CFP and YFP in each droplet 
with either high (16,000) or low (190) plasmid copy numbers 100 minutes after the start of 
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fluorescence increase (Figure 4.4D), we can clearly observe a significant increase in uncorrelated 
noise (the spread of data points orthogonal to the axis CFP=YFP) as the copy number decreases. 
These experiments were repeated for a wide range of initial plasmid concentrations (Figure 4.5). 
The correlated noise, i.e. distribution of components over the droplets, (Figure 4.6A, blue open 
circles) shows no statistically significant correlation (-0.393 Spearman’s rho correlation) with 
plasmid concentration. Uncorrelated noise however shows a clear negative correlation (-0.929 
significant at the 0.01 level) with plasmid concentration (Figure 4.6A), which can be due to gene 
expression becoming increasingly stochastic with lower numbers of molecules involved. This is in 
line with the theory of stochasticity, stating that there is an increased relative importance of the 
fluctuations involved as reactant number decrease
26
. The trend is also visible 10, 30 and 50 
minutes after the start of expression (Figure 4.6B), indicating that it is independent of the moment 
the image was taken. We chose to calculate noise 100 minutes after the start of fluorescence 
increase as this yielded higher signal-to-background ratios and thus more reliable data.  
 
Figure 4.6 (A) Uncorrelated (red full squares), correlated (blue empty circles) and total noise (black empty 
triangles) at 100 minutes after start of fluorescence increase for a range of DNA concentrations. The dotted 
line represents the background noise due to imaging and analysis (Figure 4.5). (B) Uncorrelated noise values 
for the DNA range at 10 (empty triangles), 30 (full circles), 50 (full triangles) and 100 (empty squares) minutes 
after start of fluorescence increase. 
As a control experiment we expressed GFP in droplets. Wild type GFP has an emission spectrum 
which overlaps with both the CFP and the YFP channel. Therefore any noise calculated from 
expression of one protein is background noise due to imaging and analysis.  After the initial lag 
phase of 50 minutes GFP expression starts and can be measured under both CFP and YFP filter 
(Figure 4.7A). Uncorrelated, correlated and total noise can be calculated for one protein, meaning 
that any calculated uncorrelated noise comes from imaging and analysis, since the detection of 
one protein under two filters should give no uncorrelated noise. As Figure 4.7 shows, there is some 
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uncorrelated noise which is caused by imaging and analysis, which is indicated as the dotted line in 
Figure 4.6. Any data below this dotted line should therefore be seen as negligible 
.  
Figure 4.7 (A) GFP expression measured under YFP and CFP channel. (B) Uncorrelated, correlated and total 
noise of GFP measured under the YFP and CFP channel, corresponding to background noise from imaging and 
analysis (dotted line in Figure 4.6).  
 
We note that the uncorrelated noise over time decreases slightly with increasing copy number 
which again is in agreement with the observed increase in protein concentration over time. We 
subsequently subtracted the uncorrelated noise due to imaging and analysis (Figure 4.5B)  from 
uncorrelated noise values at 10, 30, 50 and 100 minutes after the start of fluorescence increase for 
the range of DNA concentrations tested (Figure 4.8). We still clearly observe the same trend as 
seen in Figure 4.6B with all time-points tending to 0 with increasing copy number.  
 
 
Figure 4.8 Uncorrelated noise at different time points with background noise from imaging and analysis 
subtracted for each time point.  
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We can therefore conclude that at 190 DNA copies per droplet we have approximately a 10% 
variation from the average caused by uncorrelated noise.  Furthermore, we plotted uncorrelated 
noise at 0.2 µM of average protein production over the population of droplets for all DNA copy 
numbers (Figure 4.9) to confirm that noise increases as we decrease copy number. Clearly the 
observed decrease in uncorrelated noise is independent of the amount of protein produced and 
the time point of detection, but is directly related to DNA copy number.  
 
Figure 4.9 (A) Uncorrelated noise values for the DNA range at different time points where the total protein 
concentration had reached 0.2 µM. Error bars show 95% confidence intervals, which were calculated by 
bootstrapping from the original distribution. (B) We chose time points at which the total CFP and YFP 
concentration per droplet averaged over the whole population of droplets was approximately 0.2 µM. The 
graph shows the time points (open black circle) and protein concentration (closed red square) chosen for the 
range of DNA concentrations. 
 
4.2.2 Contributing factors to uncorrelated noise 
Next, we were interesting in determining how much of the observed uncorrelated noise can be 
attributed to the inherent stochasticity of biochemical reactions. To estimate the relative 
contribution of the different factors, including stochasticity, we simulated the stochastic cell-free 
gene expression in 200 droplets using Gillespie’s Direct Method algorithm. Km and Vmax were 
determined experimentally using Michaelis-Menten fitting, resulting in a typical Km of 0.5 nM and 
Vmax of 0.1 nM min
-1
 (Figure 4.10A). For translation, a Km value from Stögbauer and co-workers was 
used
27
 and Vmax was estimated from our experimental results (Figure 4.10B).  
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Figure 4.10 (A) Michaelis-Menten fit (red) of mRNA production rates experimentally determined (black) with 
error bars indicating the standard error of the fitting to the linear part of the expression curves. (B) Vmax 
estimation of translation (green dashed line) from protein expression of 7600 copies of plasmid per droplet 
(open circles). The Km value from Stögbauer and co-workers
27
 was used, and a Vmax of 100 nM min
-1 
was 
found. (C) CFP and (D) YFP maturation times, the increase in fluorescence after the addition of 
chloramphenicol was normalized from 0 to 1 , and the maturation time was described as the time at which 
63% of the fluorescence intensity was reached
28
. 
 
We measured protein maturation times (Figure 4.10C and D) and included these in the model. The 
uncorrelated noise versus plasmid copy number is plotted by taking the uncorrelated noise values 
after 100 minutes. First we simulated transcription and translation with stochasticity as the only 
contributing factor, thereby excluding Poisson distribution of plasmids and protein maturation. 
Later, the other factors were included in the model one by one to determine the contribution of 
each factor separately (Figure 4.11).  
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Figure 4.11 Simulation results showing the contributions of all factors to the total uncorrelated noise. 
Stochasticity shown in red, plasmid distribution in light blue and protein maturation in dark blue. 
The results from the stochastic simulation show a decrease of uncorrelated noise with increasing 
copy number which is consistent with our experimental data. Importantly, the model also shows 
that the trend of uncorrelated noise over plasmid copy number is not due to population 
differences in mean (CFP and YFP concentration) over the range of DNA copy numbers (Figure 
4.11), which is also consistent with our experimental findings. We find that CFP and YFP 
maturation time has almost no effect on uncorrelated noise (mean of 2% over the plasmid copy 
numbers) while the average contributions over the plasmid copy numbers of stochasticity and 
Poisson distributions of plasmids are 30% and 68% respectively. 
 
Figure 4.12 (A) Uncorrelated noise values at (B) time points where the amount of protein produced was the 
same (about 0.03 µM). 
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For the dilute stochastic simulation (including Poisson distribution of plasmids and folding of CFP 
and YFP) we found time points where the amount of protein produced was the same (about 0.03 
µM) and plotted the uncorrelated noise values (Figure 4.12A) at these time points (Figure 4.12B). 
This shows exactly the same trend as the uncorrelated noise values at 100 minutes after the start 
of expression. Therefore the trend of uncorrelated noise over plasmid copy number is caused by a 
combination of the Poisson distribution of plasmids and the stochastic nature of protein 
expression and not by higher or lower amounts of proteins produced.  
 
4.3 Conclusions  
By studying gene expression in picoliter droplets, we can reliably analyze the uncorrelated and 
correlated noise of protein expression of low copy numbers of DNA. We find that 68% of the noise 
levels can be attributed to relative plasmid distributions. Interestingly the effect of different 
maturation times of CFP and YFP barely contributes to the total uncorrelated noise. The 
stochasticity inherent to biochemical reactions however contributes about 30% of the total 
uncorrelated noise observed.  
Our experimental setup provides a platform to systematically study factors influencing gene 
expression noise. This in vitro system is a bottom up approach to study gene expression noise, 
which is becoming increasingly important in biochemical studies.  
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4.5 Experimental  
 
Plasmids 
The pET plasmids with CFP and YFP sequence at the multiple clone sites were a kind gift of R.Y. 
Tsien. The sequences for CFP and YFP production in the pET plasmids were inserted into pRSET 
vectors (Life Technologies) with Nco-I at the 5’end of the coding sequence (CDS) and a Xho-I 
restriction site at the 3’end of the CDS. The plasmids were purified and purity was analyzed using 
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gel electrophoresis and sequencing analysis (GATC Biotech, Germany). Concentration of plasmids 
was determined using a Nanodrop N1000 spectrophotometer. The pRSET vector has T7 RNAP 
promoter and terminator regions.  
Lysate preparation 
E. coli Rosetta2 cells were grown at 37°C to an OD600 = 1.5 in 2YTPG broth. After cell growth all the 
subsequent steps were kept on ice. The cells were collected (3000 g, 10 minutes, 4°C), thoroughly 
dissolved in ice-cold 20% sucrose solution (16 ml for 3 g wet pellet weight) and incubated on ice 
for 10 minutes. Cells were then collected (3000 g, 10 minutes, 4°C), resuspended in ice cold MQ (4 
x wet pellet weight) and immediately spun down (3000 g, 10 minutes, 4°C). Next cells were again 
resuspended in ice cold MQ (4 x wet pellet weight), allowed to incubate on ice for 10 minutes and 
spun down  (3000 g, 10 minutes, 4°C). Pellet was then carefully washed twice with ice-cold MQ 
(1.5 x volume). The spheroplast pellet was stored at -80°C.  
The spheroplasts were thawed and resuspended in ice-cold MQ (0.8 x volume). Cells were lysed by 
10 cycles of sonication (10 s at 10 μm amplitude followed by 30 s on ice). Cell debris was collected 
(30000 g, 30 min, 4°C) and dialyzed 1 x against 50% dialysis buffer (5 mM Tris, 30 mM potassium 
glutamate, 7 mM magnesium glutamate, 0.5 mM DTT), and 3 x 100% dialysis buffer (10 mM Tris, 
60 mM potassium glutamate, 14 mM magnesium glutamate, 1 mM DTT). 
IVT mixture 
The transcription only reaction buffer consisted of 50 mM Hepes with pH 8.0, 2.4 mM Guanosine 
Triphosphate (GTP), 1 mM Adenosine Triphosphate (ATP) and Cytidine Triphosphate (CTP) and 
Uridine Triphosphate (UTP) each, 0.66 mM Spermidine, 0.5 mM cyclic adenosine monophosphate 
(cAMP), 0.22 mM Nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-
phosphoglyceric acid (3-PGA), 0.045 mM folinic acid, 0.13 mg mL
-1
 transfer ribonucleic acid (tRNA), 
1 mM of each amino acid, 10 mM magnesium glutamate, and 86 mM potassium glutamate, T7 
RNA polymerase (130 U), 0.5 μM Molecular beacon.   
IVTT mixture 
For transcription-translation systems the reaction mixtures consisted of one third of cell lysate 
from BL21 (DE3) host strain (approximately 25 mg ml
-1
) and of two thirds of reaction buffer. The 
final reaction mixture contained 50 mM Hepes (pH 8.0), 2.4 mM Guanosine Triphosphate (GTP), 1 
mM Adenosine Triphosphate (ATP) and Cytidine Triphosphate (CTP) and Uridine Triphosphate 
(UTP) each, 0.66 mM Spermidine, 0.5 mM cyclic adenosine monophosphate (cAMP), 0.22 mM 
Nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-phosphoglyceric acid 
(3-PGA), 0.045 mM folinic acid, 0.13 mg ml
-1
 transfer ribonucleic acid (tRNA), 1 mM of each amino 
acid, 10 mM magnesium glutamate, and 66 mM potassium glutamate, T7 RNA polymerase (130 U), 
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and cell lysate (8.3 mg ml
-1
), contributing an additional 5 mM magnesium glutamate and 20 mM 
potassium glutamate. Plasmids were added last to initialize transcription.  
By measuring the fluorescent intensity at known protein concentrations we could determine the 
protein concentrations produced in our experiments.  
 
Figure 4.13 Calibration curves of (A) YFP and (B) CFP (Bio Vision).  
Molecular beacon sequence 
The backbone of the molecular beacon was composed of 2’-O-methylribonucleotides. The 
molecular beacon was synthesized by Integrated DNA Technologies (optical density at 260 nm = 
5.3), resuspended in autoclaved Milli-Q water to a concentration of 50 µM and stored in light 
protected tubes at -20°C. 
/5Alex488N/mCmCmGmCmAmAmAmUmAmAmAmUmUmUmAmAmGmGmGmUmAmAmGmCmG
mG/3IABkFQ/ 
 
Device fabrication 
 
The design of the microfluidic devices was made in AutoCAD. These wafers contain a negative 
relief in SU-8 photoresist on a silicon wafer substrate. The channels for the droplet production are 
25 µm. To make the microfluidic devices, cross-linker and PDMS were added together at a ratio of 
1:10 cross-linker: PDMS and the solution were poured on the wafers (which were cleaned with 
isopropanol). Air bubbles were removed using a desiccator. Thereafter, the devices were put in the 
oven at 65 ᵒC for at least two hours. After preparing the PDMS layer, the device was bonded on a 
glass slide by activating the PDMS and glass surfaces using the plasma cleaner (Femto) after which 
the surfaces were bonded together. Air between the surfaces was removed by gently applying 
pressure. The device was incubated for at least 3 hours at 100 ᵒC after which the device was 
coated with a 2% silane solution.  
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Device and set-up operation 
Liquids were pumped into microfluidic devices using adjustable pumps (Harvard apparatus, PHD 
2000 infusion) connected to syringe via PTFE tubing (inner diameter: 0.056mm outer diameter 
1.07 mm). Droplets in microfluidics were stabilized using a 2% of biocompatible Krytox-based tri-
block copolymer surfactant, in Fluorinert FC-40 oil (from Sigma-Aldrich) or Hydrofluoroether (HFE). 
Data acquisition and analysis 
The devices were mounted on the inverted microscope (Olympus IX81) equipped with a motorized 
stage (Prior, Optiscan II). Fluorescence images were taken with the sensitive EMCCD camera (iXon, 
Andor) using illumination from the mercury lamp. Analysis of images was done by home-written 
Matlab routine.  
Image analysis 
Fluorescence was measured every ten minutes for approximately three hours using a fluorescence 
microscope. The images were analyzed using a Matlab program. At least 200 droplets were used 
for the analysis. For every time point the same procedure was followed. Droplet and background 
detection were done using separate thresholds for the intensity, which were set manually for each 
time-point. Choosing the threshold for the background was done in a way to be sure no pixels 
from the droplets were taken as background. The threshold for the droplets was chosen in a way 
to be sure no background pixels were taken as droplets. Background subtraction was done by 
subtracting the mean intensity of the background pixels from the raw image. Furthermore, objects 
in the image smaller than the amount of pixels for a droplet (e.g. caused by dust) were removed. 
Then, for each time-point the procedure from Elowitz and co-workers was followed 
16
. For each 
droplet the mean intensity of all pixels was calculated. Then, the mean intensity of each droplet 
was normalized by the mean intensity of all droplets. This was done for both CFP and YFP and the 
normalized intensities were plotted against each other. From this graph the uncorrelated (ηu), 
correlated (ηc) and total noise can be calculated according: 
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            Equation 4.3  
Here ICFP and IYFP are the mean normalized intensities of CFP and YFP respectively of one droplet. 
Angled brackets indicate means over the cell population. 
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Determining protein maturation times 
CFP and YFP were expressed using the standard cell free expression procedure described in the 
manuscript. When the mid expression phase was reached chloramphenicol (2.8 µg µL
-1
) was added 
to block translation. Therefore any additional fluorescence arising after this point is due to 
additional protein maturation and not production.  
To calculate the maturation time, the increase in fluorescence after the addition of 
chloramphenicol was normalized from 0 to 1, and the maturation time was described as the time 
at which 63% of the fluorescence intensity was reached
28
. 
Stochastic Gillespie algorithm 
The stochastic cell free gene expression in 200 droplets was simulated using Gillespie’s Direct 
Method algorithm. The theoretical model describes transcription and translation as single step 
reactions each with a different probability based on the corresponding reaction rates which are 
calculated using Michaelis-Menten kinetics including substrate competition.  
  
        
  (  
   
  
)    
 with Vmax= kcat . [E]   Equation 4.4 
Here Vmax again is the maximum rate at which the total amount of enzyme in a droplet performs. 
The competitive substrate is indicated by [I]. We determined the Vmax and Km of polymerase by 
fitting experimental data (Fig. S17) (Vmax max = 722.64 mRNA min
-1
 and Km  = 3613.2 DNA 
plasmids). Post-translational folding of CFP and YFP was described using first-order rates  which 
were experimentally obtained (Fig. S18). The Michaelis-Menten parameter for the ribosome was 
calculated (Km = 4.3573e5 mRNA) using values previously determined by Stögbauer and co-
workers
27
. The Vmax of the ribosome was determined by fitting the experimental data of protein 
expression in dilute environment with a plasmid copy number of 7600, using the stochastic 
algorithm
29
 which included transcription, translation and protein maturation. 
Simulations were performed for a range of plasmid copy numbers from 10 – 1500 copy numbers. 
For each plasmid copy number 200 iterations (representing 200 droplets) were performed from 
which the noise values were calculated in the same way as for the experimental data. 
Furthermore, the amount of enzymes was kept constant over the iterations. To analyze and 
visualize the different contributions to uncorrelated noise of the stochasticity of transcription and 
translation, protein folding, Poisson distribution of the CFP and YFP plasmids and crowding 
simulations were performed by adding one by one each of these factors. First, simulations were 
performed describing transcription and translation starting with the same plasmid  copy number 
for CFP and YFP production over the 200 iterations. Subsequently, protein folding, Poisson 
distribution of CFP and YFP copy numbers over the 200 iterations and crowding were included in 
the model. 
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5.1 Introduction  
Cellular gene expression relies on the collision of molecules. Diffusion of molecules is substantially 
different in dilute bulk solution compared to a crowded confined environment (as described in 
more detail in Chapter 3). Since the stochasticity of a biochemical reaction is governed by the 
randomness of molecules meeting, it is not surprising that crowding would play a fundamental 
role in certain stochastic reactions, especially at distances and timescales where subdiffusion starts 
playing a dominant role
1,2
. At larger lengths and timescales, normal diffusion occurs and molecules 
have no “memory” of where they originated
3
. However, at smaller lengths and timescales, 
crowding can increase the probability of a molecule rebinding to its target.  
 
Since crowding severely slows down diffusion
4
, it can cause effective partitioning of molecules
3
. 
This partitioning can remove any existing correlation between signaling molecules as shown in 
Figure 5.1. Correlation between signaling molecules exists when, within one cell, two reporter 
molecules show the same response to a stimulus. In other words, within a cell, two identical, yet 
independent genes will show the same expression profile (as explained in Chapter 4).  
 
 
 
Figure 5.1 (A) An RNA polymerase molecule (red) can activate a DNA sequence. Since both DNA sequences 
respond to both RNA polymerases, the activation states of the two DNA molecules will be correlated with 
each other in time. (B) Spatial partitioning, which can be induced or enhanced by crowding, isolates 
molecules, thereby reducing their correlations
3
. 
It is generally accepted that stochasticity is due to both low concentrations of reacting molecules 
and the random nature of molecular collisions as a consequence of diffusion. However, this 
inherent stochastic nature of chemical reactions is typically ignored when studying chemical 
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reactions in dilute, well-stirred reactors. In contrast, the cell’s interior is an inhomogeneous, 
crowded environment. In bacteria for example, approximately 30% of the cells interior is occupied 
by macromolecules, resulting in highly reduced diffusion
5,6
. Such a crowded environment can lead 
to spontaneous spatial organization due to severely limited diffusion of mRNA molecules
7
. 
Moreover, macromolecular crowding affects the dynamics, and thus the reaction rates of cellular 
processes
8
. Additional studies have shown that prokaryotic cells are less fluid-like than originally 
anticipated and can exhibit dynamical heterogeneity and glassy features
9,10
. Most studies thus far 
have dealt with either the quantification of noise
11
, or how cells exploit or suppress noise
12,13
.  
Modeling studies have shown that, in a crowded environment, molecules undergo rounds of 
binding and unbinding at the same target rather than diffusing away (Figure 5.2)
14
. Therefore, in 
the subdiffusion regime, the increased number of rebinding events can also increase gene 
expression noise
15
. Though it has been shown in silico
14,15
 that diffusivity plays a role in gene 
expression noise, no experimental work has estimated the magnitude of the effect of cellular 
composition or crowded environment within a cell-sized compartment on the stochasticity of 
biochemical reactions.  
 
 
Figure 5.2 Limited diffusion caused by macromolecular crowding promotes the rebinding of molecules over 
diffusing away.  
 
In Chapter 4 we presented a reproducible method to quantify gene expression noise in vitro. 
These studies were performed in the dilute conditions in which cell-free gene expression is 
typically explored. In this chapter, we compare the results obtained in a dilute environment to 
gene expression noise in the presence of a synthetic crowding agent (Ficoll 70). We thus aim to 
determine the impact of macromolecular crowding, more specifically limited diffusion, on gene 
expression noise. 
 
Chapter 5 
96 | P a g e  
 
5.2 Results and discussion 
5.2.1 Macromolecular crowding enhances uncorrelated noise of gene expression 
The viscosity of a cellular cytoplasm has been reported to average between 2-3 cP
16
. We therefore 
first added 90 mg mL
-1
 of Ficoll 70 (with a viscosity of 2.5cP), a common macromolecular crowding 
agent, to mimic the crowded conditions inside cells
17,18
. Remarkably, the addition of 90 mg ml
-1 
of 
Ficoll leads to strikingly different production levels of CFP and YFP over the population of droplets 
(i.e. the uncorrelated noise significantly increases) (Figure 5.3). This difference is absent at the 
start of protein expression and only develops over time (Figure 5.3C). 
 
 
Figure 5.3 Superimposed false color images approximately of CFP and YFP expression for 600 copies of each 
plasmid per droplet.; (A) CFP and YFP levels are similar in dilute droplets (B) CFP and YFP levels show high 
variability over a population of droplets, due to differences in CFP and YFP expression within the same droplet 
at 90 mg ml
-1
 of Ficoll, (C) Time course of (B).   
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Figure 5.4 (A-C) Normalized CFP versus normalized YFP intensities of the whole population of droplets at 100 
minutes after the start of expression, 0 mg ml
-1 
 Ficoll (black empty circles) and 40 mg ml
-1 
Ficoll (green full 
triangles), 70 mg ml
-1
 Ficoll (blue full squares), 90 mg ml
-1 
Ficoll (red full triangles), for approximately 600 
copies of plasmid per droplet. Each point represents one droplet. (D) Uncorrelated noise at 100 minutes after 
start of expression for a range of DNA concentrations at different Ficoll concentrations, 0 mg ml
-1 
(black full 
squares), 40 mg ml
-1 
(green empty triangles), 70 mg ml
-1
 (blue empty circles) and 90 mg ml
-1 
(red full 
triangles). The dotted line represents the background noise due to imaging and analysis and error bars show 
95% confidence intervals, which were calculated by bootstrapping from the original distribution 
To explore the influence of Ficoll in more detail, we performed cell-free gene expression in the 
presence of 40, 70 and 90 mg ml
-1
 Ficoll for approximately 600 copies of plasmid DNA per droplets. 
Clearly as the concentration of Ficoll is increased the uncorrelated noise increases, the spread 
perpendicular to the line CFP=YFP (Figure 5.4A-C).  We also performed these experiments for a 
range of DNA concentrations and compared the uncorrelated noise values to results from 
experiments using 0 mg ml
-1
 Ficoll from Chapter 4 (Figure 5.4D). Cell-free gene expression in the 
presence of 40 mg ml
-1
 Ficoll shows similar levels of uncorrelated noise as in the absence of Ficoll 
yet results from both 70 and 90 mg ml
-1
 Ficoll show enhancement of uncorrelated noise (see 
Figure 5.5 for all expression and noise curves). At approximately 600 copies of each plasmid 
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uncorrelated noise values are 0.11, 0.10, 0.19 and 0.21 for 0, 40, 70 and 90 mg ml
-1
 of Ficoll, 
respectively.  
 
 
 
Figure 5.5 Expression and noise curves over time for 40 70 and 90 mg mL
-1
 Ficoll 70. Average CFP (full line) 
and YFP (dotted line) expression over all droplets with standard deviation in blue and yellow respectively. 
Uncorrelated (red full squares), correlated (blue empty circles) and total noise (green empty triangles) values 
over time.  
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Figure 5.6 (A), CFP expression rates for 0, 40, 70 and 90 mg mL
-1 
with linear fit for 0 mg mL
-1 
showing 95% 
confidence bands. (b) YFP expression rates for 0, 40, 70 and 90 mg mL
-1 
with linear fit for 0 mg mL
-1 
showing 
95% confidence bands.  (C) Uncorrelated noise values for a DNA plasmid copy number range at different time 
points where the total protein produced was 0.2 µM, at different Ficoll 70 concentrations, 0 mg mL
-1 
in black 
full circle, 40 mg mL
-1 
in green empty circle, 70 mg mL
-1
 in blue  empty triangle and 90 mg mL
-1 
in red full 
square. Error bars show 95% intervals, which were calculated by bootstrapping from the original distribution. 
(D) Diffusion coefficients of ribosomes over a range of Ficoll concentrations determined using fluorescence 
recovery after photo bleaching experiments. The dashed line is a Stokes-Einstein fit of the diffusion 
coefficient D ~ 1/µ, with µ the concentration-dependent dynamic viscosity of Ficoll (Supplementary methods). 
The average protein expression rates in droplets upon the addition of Ficoll are comparable to 
droplets without Ficoll (Figure 5.6A and B), confirming that the increase in uncorrelated noise with 
increasing Ficoll concentrations was not due to lower protein production. Furthermore the 
uncorrelated noise at the same protein concentration shows the same trend for all Ficoll 
concentrations (Figure 5.6C). To understand how crowding leads to enhanced levels of 
uncorrelated noise in cell-free protein expression we probed the influence of the physical 
environment on molecular processes. We used fluorescent recovery after photo-bleaching (FRAP) 
to determine the diffusion coefficient of Alexa 647-labelled 70S ribosomes . As expected the 
diffusion coefficients decreased as the Ficoll concentration was increased (Figure 5.6D). We find a 
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diffusion coefficient of 4.7 ± 0.215 μm
2 
s
-1
 in the absence of Ficoll and 0.4 ± 0.001 μm
2 
s
-1
 in the 
presence of 90 mg ml
-1
 of Ficoll.  
 
Figure 5.7 (A)  In vitro transcription only experiments with 0.6 nM pET-32xBT showing mRNA expression with 
0 mg mL
-1
  (left) and 90 mg mL
-1
 (right) of  Ficoll, in the presence of molecular beacon (MB). (B) Average 
number of spots over time from three separate droplets (circles) with error bars showing standard 
deviations.(C) Average fluorescence intensity over time of the detected spots (squares) and the whole 
droplets (triangles). Error bars are standard deviations of three separate droplets. (D) Representative 
fluorescence images corresponding to the labeled time points in b.  
Noting these significantly lower diffusion constants for ribosomes in crowded solutions, we 
decided to study the spatial distribution of mRNA. Limited diffusion induced by macromolecular 
crowding could potentially hinder the homogeneous distribution of in situ synthesized mRNA 
molecules
7,19
 thereby increasing heterogeneity and consequently uncorrelated noise. To 
investigate the distribution and localization of the mRNA in crowded and dilute solutions, we 
studied an in vitro transcription-only system using a DNA sequence encoding for a 32 repeat 
sequence (pET-32xBT) of a hybridization target for a molecular beacon. This method has previously 
been used successfully in vivo
20
, and allows visualization of mRNA production using confocal 
microscopy. In vitro transcription was performed in droplets in the absence of Ficoll and in the 
presence of 90 mg ml
-1
 of Ficoll (Figure 5.7A). Without Ficoll there is a homogeneous distribution 
of mRNA molecules and gradual increase in fluorescence in the droplets, while droplets with 
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crowding agent show the appearance of spots over time indicating local areas of high 
concentrations of mRNA. These spots disappear when transcription stops, indicating that they are 
local production sites of mRNA and not aggregates. The formation of high local concentrations of 
mRNA can be explained by an imbalance in production rates and diffusion rates, the latter 
dropping significantly in crowded solutions (Figure 5.7D). The mRNA production rates are not 
greatly affected by increasing Ficoll concentration, however,  diffusion coefficients drop by an 
order of magnitude as the Ficoll concentration is increased. Therefore, upon the addition of Ficoll, 
the movement of molecules in droplets is slowed down to an extent which allows the visualization 
of local production foci.  
 
Figure 5.8 (A) The black circles in correspond to the same data as shown in Figure 5.5B in the main text. The 
red triangles are the number of spots detected in a different experiment with a higher DNA copy number. 
When correcting for the copy number the red dashed line clearly lies within the standard deviations of the 
black circles. (B) Analysis of 4 different copy numbers showing the maximum number of spots for each this 
shows a clear linear correlation, the squares are averages of a minimum of 2 droplets and the error bars are 
resulting standard deviations.  
We followed the number of spots over time for two separate experiments (Figure 5.7B and 5.8A) 
and in both cases observed an increase in the number of detectable spots for approximately the 
first 50 minutes followed by a decrease. We note that the absolute number of spots detected is 
quite low; we can see many more very small spots, but they fall below our signal-noise threshold. 
The spots have constant average fluorescence intensity over time (Figure 5.7C) indicating that 
there is equilibrium between production and dissipation of mRNA. However, the fluorescence 
intensity of the whole droplet increases for the first 50 minutes, which supports the argument that 
mRNA is constantly dissipating from its production point. As spots started disappearing after 50 
minutes the average intensity of the droplet reaches a plateau, the spots disappear because as 
production of mRNA seizes, only dissipation occurs. The number of spots scale linearly with the 
DNA copy number (Figure 5.8B). These results imply that the spots are local production sites of 
mRNA. 
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Figure 5.9 (A) Blank in the absence of Ficoll and (B) in the presence of 90 mg mL
-1 
of Ficoll over time. The 
graphs show corresponding line scans. (C) Purified mRNA we (4.4 nM) which was estimated to be the mRNA 
concentration produced after 100 minutes). (A-C) No DNA is present therefore there is no active 
transcription.  
 
These spots were absent when no DNA was added and we verified that they did not result from 
aggregation of mRNA and molecular beacon induced by Ficoll (Figure 5.9). In other words, 
transcription in crowded droplets leads to a heterogeneous distribution of mRNA molecules over 
the time course of mRNA expression, similar to the limited diffusion of mRNA molecules observed 
in E.coli cells
7
. Some bright spots can be seen throughout the time course of the experiment, such 
as the spots at the interface in Figure 5.9A, and at the center of the droplet in Figure 5.9B . Since 
these spots are also present in the oil phase, in the absence of molecular beacon and do not 
bleach, we believe they are dust particles. We further note that the inhomogeneous production of 
proteins cannot be observed, as they will have distributed homogeneously over the droplet 
volume before their fluorophore have matured. 
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5.2.2 Enhanced uncorrelated noise is caused by spontaneous formation of 
heterogeneous microenvironments 
Next we wanted to understand under what conditions the mRNA will be distributed 
heterogeneously, in other words, at what point the local synthesis rate of mRNA exceeds the local 
diffusion rate of mRNA in a coupled transcription translation reaction (Figure 5.10).  
 
 
Figure 5.10 During in vitro transcription and translation all the biologically active machinery is unlikely to 
localize at the production site if the production rate is smaller than the diffusion rate, and is likely to localize 
at the production site if the production rate is larger than diffusion rate. 
 
We first calculated the time it would take for one mRNA to be produced using Michaelis Menten 
kinetics with a typical Km of 0.5 nM and Vmax of 0.1 nM min
-1
 (derived experimentally, see Chapter 
4). Figure 5.11A shows little change in mRNA production rate within the Ficoll range used in this 
chapter. Therefore we used the same Km and Vmax values for all Ficoll concentrations. The mRNA 
production rates were measured with a DNA concentration of 0.6 nM and using the transcription 
only the method. The rate was taken as a linear fit to the linear part of the mRNA expression curve 
with error bars indicating the standard error of the fitting.  
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Figure 5.11 (A) mRNA production rates at different Ficoll concentrations. (B) Calculated polysomal diffusion 
coefficient 
Newly produced mRNA becomes bound by ribosomes, multiple ribosomes interacting with one 
mRNA can associate into a polysome. Diffusion coefficients of polysomes with increasing Ficoll 
concentrations were calculated using the fitting obtained from the diffusion coefficients of 
ribosomes. The diffusion coefficient of the polysome at 0 mg mL
-1
 Ficoll was calculated using 
Stokes-Einstein Equation: 
  
   
    
        Equation 5.1 
where KB is the Boltzmann constant, T the temperature in Kelvin, η is the viscosity in Pa∙s and r is 
the Stokes’ radius.  Assuming an average end to end distance of 76 nm, which was calculated from 
equation 1: 
               
 
  
       Equation 5.2 
Where <r
2
>0 is the average squared end-to end distance of the polymer, a its persistence length 
and Lc its contour length. (Lc = 0.59 nm/nucleotide , a = 5nm). Subsequently the decrease in 
diffusion coefficient due to the formation of the polysome, with an average distance of 22  
nucleotides
21
 between ribosomes (2.3 x 10
6
 Da)
22
 on the mRNA transcript, was calculated from:   
    
 
         Equation 5.3 
where f  is the frictional coefficient (=6πηr) and M is the molecular weight of the long random coil. 
The resulting calculated diffusion coefficients of polysomes in Ficoll are shown in Figure 5.11B.  
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Figure 5.12 Fluorescein labeled pRSET-CFP and pRSET-YFP (0.6 nM total) showing homogeneous DNA 
distribution in the presence of 90 mg mL
-1
 of Ficoll 70.  
We assume that the plasmids are distributed homogeneously (Figure 5.12) with an average 
distance d ~ c
-1/3
. We thus calculated the average rate (in s
-1
) for a polysome to diffuse over a 
distance d/2 (Figure 5.13 Red line). We found that below 50 mg mL
-1
 of Ficoll the diffusion rate is 
typically higher than mRNA production rate resulting in no localization, and above 50 mg mL
-1
 the 
inverse is the case resulting in localization. Not much is known about the exact mechanism of 
localized transcription and translation in bacterial cells, though there has been much speculation 
that slower diffusion plays a role
23,7
. Our results indicate that the decreased diffusion caused by 
molecular crowding could indeed play a prominent role in localized gene expression.  
 
Figure 5.13 Theoretical model predictions of mRNA production (black line) and polysome diffusion over half 
the average distance between two plasmids (red line). The crossover between both rates indicates the 
transition between a homogeneous distribution of mRNA and an overall localization of mRNA, therefore 
showing the Ficoll concentrations at which we would see localization and which not.  
To estimate the relative contribution of the different factors influencing uncorrelated noise we 
simulated the stochastic cell-free gene expression in 200 droplets using Gillespie’s Direct Method 
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algorithm (as in Chapter 4). We measured protein maturation times (Figure 5.14A) at different 
Ficoll concentrations and included these in the model. The crowded droplets were simulated using 
a 10 times higher probability for a ribosome to rebind to the same mRNA (p.n-1) (Figure 5.14B). An 
enhanced rebinding probability is supported by the observation and explanation of mRNA 
localization discussed above. The translationally active machinery must be co-localized with the 
mRNA, and this creates local microenvironments with higher concentrations of biologically active 
transcription and translation machinery, i.e. accumulation of ribosomes at plasmids. Due to lower 
diffusivity this machinery has a higher probability of rebinding than anticipated from a 
homogeneous distribution of all components.  
 
 
 
Figure 5.14  (A) Effect of Ficoll 70 on maturation times of CFP (black full square) and YFP (red full circle). Error 
bars denote are calculated from multiple measurements. (B) Schematic illustration of the stochastic 
transcription-translation model used in crowded droplets. Due to the formation of microenvironments 
ribosomes preferentially rebind to previous mRNA (n-1). 
The stochastic simulations show that the dominant contributing factor is the crowded 
environment (41%). In contrast Chapter 4, where the Poisson distribution of the plasmids was the 
dominant contributing factor. CFP and YFP maturation times, as in the dilute environment 
(Chapter 4), have almost no effect on uncorrelated noise (mean of 1% over the plasmid copy 
numbers). The average contributions over the plasmid copy numbers of stochasticity and Poisson 
distributions of plasmids are 18% and 40% (Figure 5.15). The relative contribution of both 
stochasticity and Poisson distribution decrease in comparison to dilute solution (30 % and 68% 
respectively, see Chapter 4). This drop is expected since a new factor, crowding, is added to the 
simulations and the total contributions always amount to 100%.  
Effect of crowding on uncorrelated noise 
 
107 | P a g e  
 
 
Figure 5.15 Simulation results showing the contributions of all factors to the total uncorrelated noise. 
Stochasticity shown in red, plasmid distribution in light blue, protein maturation in dark blue, and crowding in 
violet.  
 
5.3 Conclusions 
 
By studying gene expression in picoliter droplets, we can reliably analyze the uncorrelated and 
correlated noise of protein expression of low copy numbers of DNA under different physical 
conditions. Surprisingly, we find that an increase in macromolecular crowding, leading to an order-
of-magnitude decrease of diffusion coefficients of RNA and proteins, leads to significantly 
enhanced uncorrelated noise. At the same time, we observe that mRNA becomes distributed 
heterogeneously over the droplet creating local microenvironments where gene expression 
occurs. Due to the formation of large polysomes, biologically active machinery will be less likely to 
diffuse away from these microenvironments. This lack of diffusion maintains the heterogeneous 
environment and enhances any already existing stochasticity caused by transcription and 
translation of low copies of DNA. Theoretical modeling strongly supports this theory, showing that 
heterogeneous display of mRNA is caused by a fine balance between mRNA production rates and 
diffusion times. Furthermore the results of the stochastic simulations suggest that any existing bias 
towards one of the two fluorescent proteins is strongly enhanced by preferential rebinding of 
ribosomes to the same mRNA, which we believe is the cause of our observed enhanced 
uncorrelated noise in crowded droplets.  
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These results are the first to show that the stochasticity of biochemical reactions is governed by 
the interplay between the rate of the reaction and its environment. Our experimental finding of 
heterogeneous mRNA distributions in crowded in vitro transcription systems and the concomitant 
increase in uncorrelated noise in similarly crowded cell-free expression systems has important 
implications for our understanding of living cells. It is very much conceivable that the synthesis of 
macromolecules (mRNA and proteins) in vivo leads to locally heterogeneous systems, as 
production rates will often be larger than diffusion rates
7
. This might explain the findings in 
literature on localization of mRNA in E. coli
7,23
, but also helps to explain the origin of 
experimentally determined uncorrelated noise in gene expression
24
. Finally, our experiments 
enable us not only to take into account, but also predict the magnitude of stochasticity when 
designing synthetic chemical pathways similar to artificial cell-like systems.  
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5.5 Experimental  
Plasmids 
The pET plasmids with CFP and YFP sequence at the multiple clone sites were a kind gift of R.Y. 
Tsien. The sequences for CFP and YFP production in the pET plasmids were inserted into pRSET 
vectors (Life Technologies) with Nco-I at the 5’end of the coding sequence (CDS) and a Xho-I 
restriction site at the 3’end of the CDS. The plasmids were purified and purity was analyzed using 
gel electrophoresis and sequencing analysis (GATC Biotech, Germany). Concentration of plasmids 
was determined using a Nanodrop N1000 spectrophotometer. The pRSET vector has T7 RNAP 
promoter and terminator regions.  
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Lysate preparation 
E. coli Rosetta2 cells were grown at 37°C to an OD600 = 1.5 in 2YTPG broth. After cell growth all the 
subsequent steps were kept on ice. The cells were collected (3000 g, 10 minutes, 4°C), thoroughly 
dissolved in ice-cold 20% sucrose solution (16 ml for 3 g wet pellet weight) and incubated on ice 
for 10 minutes. Cells were then collected (3000 g, 10 minutes, 4°C), resuspended in ice cold MQ (4 
x wet pellet weight) and immediately spun down (3000 g, 10 minutes, 4°C). Next cells were again 
resuspended in ice cold MQ (4 x wet pellet weight), allowed to incubate on ice for 10 minutes and 
spun down  (3000 g, 10 minutes, 4°C). Pellet was then carefully washed twice with ice-cold MQ 
(1.5 x volume). The spheroplast pellet was stored at -80°C.  
The spheroplasts were thawed and resuspended in ice-cold MQ (0.8 x volume). Cells were lysed by 
10 cycles of sonication (10 s at 10 μm amplitude followed by 30 s on ice). Cell debris was collected 
(30000 g, 30 min, 4°C) and dialyzed 1 x against 50% dialysis buffer (5 mM Tris, 30 mM potassium 
glutamate, 7 mM magnesium glutamate, 0.5 mM DTT), and 3 x 100% dialysis buffer (10 mM Tris, 
60 mM potassium glutamate, 14 mM magnesium glutamate, 1 mM DTT). 
IVTT mixture 
For transcription-translation systems the reaction mixtures consisted of one third of cell lysate 
from BL21 (DE3) host strain (approximately 25 mg ml
-1
) and of two thirds of reaction buffer. The 
final reaction mixture contained 50 mM Hepes (pH 8.0), 2.4 mM Guanosine Triphosphate (GTP), 1 
mM Adenosine Triphosphate (ATP) and Cytidine Triphosphate (CTP) and Uridine Triphosphate 
(UTP) each, 0.66 mM Spermidine, 0.5 mM cyclic adenosine monophosphate (cAMP), 0.22 mM 
Nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-phosphoglyceric acid 
(3-PGA), 0.045 mM folinic acid, 0.13 mg ml
-1
 transfer ribonucleic acid (tRNA), 1 mM of each amino 
acid, 10 mM magnesium glutamate, and 66 mM potassium glutamate, T7 RNA polymerase (130 U), 
and cell lysate (8.3 mg ml
-1
), contributing an additional 5 mM magnesium glutamate and 20 mM 
potassium glutamate. Plasmids were added last to initialize transcription.  
Device fabrication 
The design of the microfluidic devices was made in AutoCAD. These wafers contain a negative 
relief in SU-8 photoresist on a silicon wafer substrate. The channels for the droplet production are 
25 µm. To make the microfluidic devices, crosslinker and PDMS were added together at a ratio of 
1:10 crosslinker:PDMS and the solution was poured on the wafers (which were cleaned with 
isopropanol). Air bubbles were removed using a desiccator. Thereafter, the devices were put in the 
oven at 65 ᵒC for at least two hours. After preparing the PDMS layer, the device was bonded on a 
glass slide by activating the PDMS and glass surfaces using the plasmacleaner (Femto) after which 
the surfaces were bonded together. Air between the surfaces was removed by gently applying 
pressure. The device was incubated for at least 3 hours at 100 ᵒC after which the device was 
coated with a 2% silane solution.  
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Device and set-up operation 
Liquids were pumped into microfluidic devices using adjustable pumps (Harvard apparatus, PHD 
2000 infusion) connected to syringe via PTFE tubing (inner diameter: 0.056mm outer diameter 
1.07 mm). Droplets in microfluidics were stabilized using a 2% of biocompatible Krytox-based tri-
block copolymer surfactant, in Fluorinert FC-40 oil (from Sigma-Aldrich) or Hydrofluoroether (HFE). 
Data acquisition and analysis 
The devices were mounted on the inverted microscope (Olympus IX81) equipped with a motorised 
stage (Prior, Optiscan II). Fluorescence images were taken with the sensitive EMCCD camera (iXon, 
Andor) using illumination from the mercury lamp. Analysis of images was done by home-written 
Matlab routine.  
Image analysis 
Fluorescence was measured every ten minutes for approximately three hours using a fluorescence 
microscope. The images were analyzed using a Matlab program. At least 200 droplets were used 
for the analysis. For every time point the same procedure was followed. Droplet and background 
detection were done using separate thresholds for the intensity, which were set manually for each 
time-point. Choosing the threshold for the background was done in a way to be sure no pixels 
from the droplets were taken as background. The threshold for the droplets was chosen in a way 
to be sure no background pixels were taken as droplets. Background subtraction was done by 
subtracting the mean intensity of the background pixels from the raw image. Furthermore, objects 
in the image smaller than the amount of pixels for a droplet (e.g. caused by dust) were removed. 
Then, for each time-point the procedure from Elowitz and co-workers was followed 
11
. For each 
droplet the mean intensity of all pixels was calculated. Then, the mean intensity of each droplet 
was normalized by the mean intensity of all droplets. This was done for both CFP and YFP and the 
normalized intensities were plotted against each other. From this graph the uncorrelated (ηu), 
correlated (ηc)  and total noise can be calculated according: 
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Here ICFP and IYFP  are the mean normalized intensities of CFP and YFP respectively of one droplet. 
Angled brackets indicate means over the cell population. 
Isolation and labeling of Alexa 647 labeled Ribosomes 
The labeling protocol was adapted from Blanchard an co-workers
25
. 5 μM of ribosomes were 
incubated with 100 μM NHS-Alexa 647  in 50 mM Tris-HCl pH 7.6, 15 mM MgCl2, 100 mM NH4Cl, 6 
mM β-mercaptoethanol. Excess dye was washed using centricon 3000 spin columns (Merck 
Millipore, USA) with 100 μM NHS-Alexa 647  in 50 mM Tris-HCl pH 7.6, 15 mM MgCl2, 100 mM 
NH4Cl, 6 mM β-mercaptoethanol. Subsequently the ribosomes were concentrated with Vivaspin 4 
spin columns (Sartorius).  
Fluorescent recovery after photobleaching 
Fluorescent recovery after photobleaching experiments were performed on an Olympus IX81 
confocal microscope, with an Andor iXon3 camera, Andor 400-series solid state lasers, a Yokogawa 
CSU-X1 spinning disk and an Andor FRAPPA photobleach module. Droplets were made of a 1.6 µM 
ribosome solution of which 29% was labeled with a NHS-Alexa 647 fluorophore. A 12 µm strip was 
bleached at 100% laser intensity (λ = 637 nm, dwelling time 200 µs, 2 repeats). Fluorescent 
recovery was subsequently monitored (λ = 637 nm, exposure time = 200ms, Gain = 300).  
 
Figure 5.16 Fluorescent recovery after photobleaching of labeled ribosomes in the presence of  0, 40, 70 and 
90 mg mL
-1
 Ficoll.  
For the fluorescent recovery the raw data was normalized after auto-fluorescence subtraction, 
using the following equations.  
              
         
                        
     
                        
         
  Equation 5.7 
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Where Idrop-pre is the intensity of the droplet before bleaching, Idrop is the intensity of the droplet, 
Ibackground is the background fluorescent intensity, Ifrap is the fluorescent intensity of the frap region 
and Ifrap-pre is the intensity of the frap region before bleaching.  
The diffusion coefficients were subsequently computed using Ellenbergs diffusion fitting. 
             (  (
  
        
)
   
)       Equation 5.8 
Where Ifinal and D are computed parameters, Ifinal is the mobile fraction and D the diffusion 
coefficient.  
The fitting of the Diffusion coefficients in Fig. 4a is based on Stokes’ law for the diffusion 
coefficient D ~ 1/ µ, with µ being the viscosity of Ficoll (GE Healthcare Data File 18-1158-27-AB). 
In vitro transcription  
The transcription only reaction buffer consisted of 50 mM Hepes with pH 8.0, 2.4 mM Guanosine 
Triphosphate (GTP), 1 mM Adenosine Triphosphate (ATP) and Cytidine Triphosphate (CTP) and 
Uridine Triphosphate (UTP) each, 0.66 mM Spermidine, 0.5 mM cyclic adenosine monophosphate 
(cAMP), 0.22 mM Nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-
phosphoglyceric acid (3-PGA), 0.045 mM folinic acid, 0.13 mg mL
-1
 transfer ribonucleic acid (tRNA), 
1 mM of each amino acid, 10 mM magnesium glutamate, and 86 mM potassium glutamate, T7 
RNA polymerase (130 U), 0.5 μM Molecular beacon.   
Construction of 32 x BT 
An overview of the method of construction is shown in supporting Fig. S4 and is based on the 
method described by Robinett and co-workers
26
. The following oligonucleotide and its 
complimentary strand were ordered from Integrated DNA Technologies: 
ATCGGTCGACCTTACCCTTAAATTTATTTGCGTACGCCATAGCTAGCTACACTTACCCTTAAATTTA
TTTGCAACGTACCTAACGCATCGACTTACCCTTAAATTTATTTGCTACTATACTAAACTACCTACTT
ACCCTTAAATTTATTTGCACTACTGGAAAACTACCTCTCGAGGGACTGATCACTTGGGATCCATG 
This was combined with its complementary oligonucleotide and which was cut and inserted into 
pUC18 vector (thermo Scientific) with SalI and BamHI. Sequential doublings of this sequence were 
performed as shown in Fig S14. Subsequently the 32 repeat sequences was inserted into pET-28a-
c(+) vector (Novagen) using HindII and XhoI.  
Molecular beacon sequence 
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The backbone of the molecular beacon was composed of 2’-O-methylribonucleotides. The 
molecular beacon was synthesized by Integrated DNA Technologies (optical density at 260 nm = 
5.3), resuspended in autoclaved Milli-Q water to a concentration of 50 µM and stored in light 
protected tubes at -20°C. 
/5Alex488N/mCmCmGmCmAmAmAmUmAmAmAmUmUmUmAmAmGmGmGmUmAmAmGmCmG
mG/3IABkFQ/ 
 
Imaging and analysis of mRNA expression 
Confocal microscopy imaging was performed with an Olympus IX81 confocal microscope with an 
Andor iXon3 camera, Andor 400-series solid-state lasers, and a Yokogawa CSU-X1 spinning disk 
unit (λ = 488 nm, exposure time = 800ms, Gain = 300). 
Images corresponding to Fig. 5.6 b, c , d and Fig 5.7  were  taken using 10 focal planes over 18 µm 
covering the whole droplet (of approximately 10 µm hight).  A maximum intensity Z-projection was 
generated using only the focal planes covering the droplet.   After rolling ball background 
subtraction, a threshold value was determined for all images. The number of particles above this 
threshold intensity were analysed in ImageJ, per droplet per time interval and the particles which 
were between 3-30 pixels were counted.  
For Fig. 5.6 C the average  fluorescent intensity per droplet of all spots were measured, and the 
average fluorescent intensity of the whole droplet. For both , background and blank were 
subtracted. 
Modeling of mRNA localization  
To model the mRNA accumulation we used Michaelis Menten kinetics to determine the effective 
rate of transcription (V) of one plasmid: 
  
        
      
        Equation 5.9 
Determining protein maturation times 
CFP and YFP were expressed using the standard cell free expression procedure described in the 
manuscript. When the mid expression phase was reached chloramphenicol (2.8 ug uL
-1
) was added 
to block translation. Therefore any additional fluorescence arising after this point is due to 
additional protein maturation and not production.  
To calculate the maturation time, the increase in fluorescence after the addition of 
chloramphenicol was normalized from 0 to 1, and the maturation time was described as the time 
at which 63% of the fluorescence intensity was reached
27
. 
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Stochastic Gillespie algorithm 
The stochastic cell free gene expression in 200 droplets was simulated using Gillespie’s Direct 
Method algorithm
28
. The theoretical model describes transcription and translation as single step 
reactions each with a different probability based on the corresponding reaction rates which are 
calculated using Michaelis-Menten kinetics including substrate competition.  
  
        
  (  
   
  
)    
 with Vmax= kcat . [E]   Equation 5.10 
Here Vmax again is the maximum rate at which the total amount of enzyme in a droplet performs. 
The competitive substrate is indicated by [I]. We determined the Vmax and Km of polymerase by 
fitting experimental data (Fig. S17) (Vmax max = 722.64 mRNA min
-1
 and Km  = 3613.2 DNA 
plasmids). Post-translational folding of CFP and YFP was described using first-order rates  which 
were experimentally obtained (Fig. S18). The Michaelis-Menten parameter for the ribosome was 
calculated (Km = 4.3573e5 mRNA) using values previously determined by Stögbauer and co-
workers
29
. The Vmax of the ribosome was determined by fitting the experimental data of protein 
expression in dilute environment with a plasmid copy number of 7600, using the stochastic 
Gillespie algorithm which included transcription, translation and protein maturation. 
Simulations were performed for a range of plasmid copy numbers from 10 – 1500 copy numbers. 
For each plasmid copy number 200 iterations (representing 200 droplets) were performed from 
which the noise values were calculated in the same way as for the experimental data. 
Furthermore, the amount of enzymes was kept constant over the iterations. To analyze and 
visualize the different contributions to uncorrelated noise of the stochastics of transcription and 
translation, protein folding, Poisson distribution of the CFP and YFP plasmids and crowding 
simulations were performed by adding one by one each of these factors. First, simulations were 
performed describing transcription and translation starting with the same plasmid  copy number 
for CFP and YFP production over the 200 iterations. Subsequently, protein folding, Poisson 
distribution of CFP and YFP copy numbers over the 200 iterations and crowding were included in 
the model. 
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6.1 Conclusions and outlook  
The cell is composed of a complex set of biochemical reactions, which are fine-tuned to perform 
efficiently in a delicate balance with their environment. Cells have therefore devised a broad set of 
mechanisms to withstand or exploit perturbations, or changes both external and internal to the 
system. The cell’s interior is an inhomogeneous, crowded environment. In bacteria approximately 
30% of the cell volume is occupied by macromolecules. Such a crowded environment, can lead to 
spontaneous spatial organization due to severely limited diffusion of mRNA molecules
1
. 
Macromolecular crowding can result in strongly altered binding constants and reduced diffusion
2-7
. 
Relative contributions of macromolecular crowding, confinement and adsorption, to 
macromolecular reactivity differs greatly between cells, and even within one cell
4,8
. In addition, 
macromolecular crowding has a large variety of possible effects depending on, for instance,  size, 
charge, rigidity or shape of both crowding molecule or molecule of interest. Strategic studies are 
therefore required to determine the distinct effects of crowding on different biochemical 
reactions, which is a research area our findings contribute to.  
Cell-free protein expression provides a unique platform for mechanistic studies involving the flow 
of genetic information from DNA to protein
9
. This technique is becoming increasingly important in 
order to generate synthetic cells
10
, or to understand bottlenecks and kinetics of gene expression in 
terms of localization, limited diffusion, or confinement. In order to gain this deeper understanding, 
which is essential for a successful forward engineering approach, systematic quantitative studies 
are required. Reaction time is a restriction when  designing minimal systems. Studying coupled 
versus uncoupled transcription and translation in more detail may provide insights in sustainability 
of gene expression, which can be exploited when developing self-sustainable minimal cell-like 
representations.  
Combining cell-free gene expression with droplet-based microfluidics, allows for the study of 
biochemical and biophysical phenomena in progressively more cell-like systems. Cell-free gene 
expression has typically been performed in aqueous solutions, in the absence of macromolecular 
crowding. Our approaches to study confined or localized gene expression, not only contribute to 
the field of synthetic cell development, but provide a foundation to further study key cellular 
reactions under cell-like conditions
11,12
. Exploiting the maze-like structure of hydrogel beads with 
covalently linked DNA provided a potential mimic of chromosomal DNA within the cell. We show 
that within the hydrogels mRNA is localized, exhibiting severely limited diffusion comparable to 
observations in E. coli cells
1
.  Both transcription and translation kinetics show opposite effects as a 
result of crowding, within the hydrogel beads with a stationary target, in contrast to typical in vitro 
transcription and translation reaction volumes, where both target and reactant are mobile. More 
work in this area could be directed towards the effect of hydrogel size or shape on kinetics. The 
immobilization of the DNA target opens wide range of possibilities directed towards reaction-
diffusion studies of genetic circuits or cascades.  
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We developed a robust method to quantify gene expression noise in vitro, and show 
macromolecular crowding decreases diffusion of mRNA and proteins leading to the formation of 
heterogeneous environments. The formation of these heterogeneous environments, in turn, 
enhances gene expression noise.  Determining the variability in multistep biochemical reactions, 
involving degradations systems, repressors, or activators, in dilute and crowded conditions would 
also be of interest, where results could have evolutionary implications.  
The systems we describe, though more cell-like than conventional cell-free expression, still do not 
take into account the broad effects macromolecular crowding has on cellular components. The 
major crowding agent used in this thesis is Ficoll 70. There are several synthetic crowding agents 
typically used to mimic the cellular cytoplasm, however these are of one size and do not represent 
the vast diversity of the cellular cytoplasm in size, shape and charge
13-15
. The next step therefore is 
to work towards a more representative distribution of biological crowding agents such as 
condensed inactivated cell-lysate
16
. 
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Summary 
Gene expression is an intriguing phenomenon, providing scientists with very many interesting 
research topics, as much remains to be discovered and understood. The development of cell-free 
protein expression systems has given scientists a platform to study gene expression at a molecular 
level. This allows systematic studies directed towards understanding the key processes involved in 
gene expression, namely transcription and translation. Understanding these processes is 
fundamental for bottom-up studies of minimal systems and to, ultimately, design synthetic cells. A 
key difference between the cellular environment and typical conditions in which cellular reactions 
are reconstituted, is that the cell is packed with a large variety of different macromolecules. This 
leads to limited movement of some molecules, and differences in reaction rates. In Chapter 1 both 
cellular and cell-free gene expression is described. Furthermore, some examples are given which 
describe the effect that the cellular environment has on reactions. Finally, droplet-based 
microfluidics, a technique used in Chapters 2-5, is introduced.  
The prokaryotic cell-free expression system used in this thesis is presented in Chapter 2. A major 
drawback of bacterial gene expression systems is that transcription and translation are often 
coupled. This means that the mRNA is being produced by the polymerase at the same time as it is 
read by ribosomes. Since in vitro synthetic biology studies are becoming a common tool to bridge 
cellular complexity and single molecule simplicity, it is important to be able to study the individual 
steps of gene expression. Typically, when uncoupling these processes in in vitro systems, poor 
yields are obtained. In Chapter 2, a new approach to uncouple transcriptional from translational 
elongation, is presented wherein yields comparable to coupled systems are obtained. This is 
achieved by adding a ribosomal extract during transcription. This work lays the foundation for 
research described in subsequent chapters on coupled transcription and translation studies of 
bacterial systems.  
As mentioned above the cells interior is very packed. In these highly crowded and viscous 
environments, the kinetics of complex enzymatic reactions are determined by both reaction and 
diffusion rates. However, typical cell-free studies on transcription and translation often fail to take 
into account the density of the prokaryotic cytoplasm. In Chapter 3, we exploited biocompatible, 
polymeric hydrogel particles produced by droplet-based microfluidics. Utilizing bio-orthogonal 
chemistry has great advantages in the directed generation of microcompartments with controlled 
size, defined microarchitecture, and desired functionality. We thus mimicked the maze-like nature 
of the cellular environment, using a porous hydrogel matrix, to study the effects of 
macromolecular crowding on gene expression in a porous hydrogel matrix with an immobile 
target, and compare these effects to typical bulk reactions with a mobile target. We show that 
when both transcription and translation are carried out in the hydrogel with an immobile target, 
macromolecular crowding increases reaction rates. However, in bulk reactions where the target is 
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free to move around, macromolecular crowding has an inhibitory effect on gene expression. 
Chapter 3, therefore, emphasizes the need to consider the role of the physical environment on 
complex biochemical reactions, in this case macromolecular crowding, nanoscale spatial 
organization and confinement.  
Another phenomenon of cellular gene expression is that it is intrinsically random, or stochastic. 
These random variations, termed noise, have been found to be of significant importance for a 
large variety of different cell types and organisms. Cellular variability is largely due to random 
fluctuations in gene expression. Therefore, what causes gene expression noise, is an interesting 
area of research. Moreover, understanding the dynamics of complex enzymatic reactions in highly 
crowded small volumes is crucial for the development of synthetic minimal cells. This concept is 
introduced in Chapter 4. Compartmentalized biochemical reactions in cell-sized containers show a 
degree of randomness due to the small number of molecules involved. However, it is unknown 
how the physical environment contributes to the stochastic nature of multistep enzymatic 
processes. In Chapter 4 we present a robust method to quantify gene expression noise in vitro 
using droplet microfluidics. We then study the changes in stochasticity of cell-free gene expression 
of two genes, compartmentalized within droplets, as a function of copy number. We find that, as 
we decrease the DNA copy number, we increase the noise in our system.  
A reoccurring topic in this thesis is that macromolecular crowding greatly influences reactions. 
Since the stochasticity of a biochemical reaction is governed by the randomness of molecules 
meeting, it is conceivable that crowding also has a large effect on gene expression noise. In 
Chapter 5 we study how macromolecular crowding influences gene expression noise. We find, 
with the support of simulations, that decreased diffusion caused by a crowded environment leads 
to the spontaneous formation of heterogeneous micro-environments as local production rates 
exceed diffusion rates of macromolecules. This heterogeneity leads to a higher probability of the 
molecular machinery to stay in the same microenvironment, directly increasing the system’s 
stochasticity.  
In Chapter 6 the overall findings of this thesis are put in context of the rest of the field.  
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Samenvatting 
Genexpressie is een intrigerend fenomeen dat wetenschappers van vele interessante 
onderzoeksmogelijkheden voorziet. Er zijn tal van aspecten met betrekking tot dit proces die nog 
niet volledig begrepen worden. De ontwikkeling van expressiesystemen waarvoor geen cellen 
benodigd zijn (in vitro) biedt wetenschappers een platform waarop zij genexpressie op een 
moleculair niveau kunnen bestuderen. Deze expressiesystemen maken het mogelijk om de 
belangrijkste processen in genexpressie te bestuderen; transcriptie en translatie. Het ophelderen 
en begrijpen van deze processen draagt fundamenteel bij aan specifiek onderzoek naar de interne 
opbouw van een cel. Op deze manier wordt het mogelijk om individuele processen die in de cel 
plaatsvinden in kaart te brengen, met het uiteindelijke doel om op synthetische wijze een volledig 
functionerende cel te verkrijgen. Een fundamenteel verschil tussen reacties die plaatsvinden in 
een echte cel, en een typische omgeving waarin cellulaire reacties worden nagebootst,  is de 
omgeving. Cellen zitten veelal volgepakt met macromoleculen, wat er voor zorgt dat moleculen 
kunnen worden beperkt in hun bewegingsvrijheid (crowding). Dit kan op zijn beurt weer een effect 
op de reactiesnelheid van deze kleine moleculen teweeg brengen. In Hoofdstuk 1 wordt 
genexpressie, zowel in de cel als daarbuiten, beschreven. Bovendien worden de effecten van de 
verschillende omgevingen binnen cellen op de daarin plaatsvindende reacties geëvalueerd.  
In Hoofdstuk 2 wordt het in vitro prokaryotische expressiesysteem gepresenteerd dat in deze 
scriptie wordt gebruik. Het feit dat transcriptie en translatie vaak gekoppeld zijn, is een wezenlijk 
nadeel van bacteriële genexpressiesystemen. Deze koppeling houdt namelijk in dat mRNA wordt 
geproduceerd door de polymerase op hetzelfde moment dat deze wordt gelezen door de 
ribosomen. Het is van groot belang om de verschillende stappen betrokken in genexpressie 
individueel te bestuderen. Daarom worden in vitro synthetisch biologische systemen in 
toenemende mate gebruikt in een poging om deze processen van elkaar los te koppelen. In 
Hoofdstuk 2 wordt een nieuwe methodologie gepresenteerd waarin transcriptie en translatie 
daadwerkelijk van elkaar losgekoppeld worden, en op deze manier individueel kunnen worden 
beschouwd. Door het toevoegen van een ribosomaal extract tijdens transcriptie, worden in 
ontkoppelde systemen vergelijkbare opbrengsten gehaald met gekoppelde systemen. Deze 
resultaten leggen de fundering voor het onderzoek beschreven in de volgende hoofstukken, dat is 
toegewijd aan de gekoppelde transcriptie en translatie in bacteriële systemen.  
Zoals eerder genoemd wordt de ruimte binnen de cel opgevuld met grote hoeveelheden 
macromoleculen (crowding). In deze volle, drukke omgeving, wordt de kinetiek van complexe 
enzymatische reacties bepaald door zowel reactie- als diffusiesnelheden. Echter wordt de invloed 
van de dichtheid van het prokaryotisch cytoplasma, bij in vitro onderzoek naar transcriptie en 
translatie, over het algemeen niet meegenomen. In Hoofdstuk 3 gebruiken we polymere 
hydrogeldeeltjes, geproduceerd met “ droplet-based microfluidics”. Dit is een techniek gebaseerd 
Samenvatting 
 
125 | P a g e  
 
op het produceren van druppels van enkele picoliters groot, welke vervolgens gebruikt kunnen 
worden als minuscule reactievaatjes. Het gebruik van bio-orthogonale chemie geeft grote 
voordelen in het gecontroleerd genereren van microcompartimenten (de minuscule 
reactievaatjes) met een nauwkeurig gedefinieerde grootte, microarchitectuur en gewenste 
functionaliteit. Door  gebruik te maken van deze techniek hebben we de doolhofachtige lay-out 
van de omgeving binnen de cel nagebootst, met behulp van een poreuze hydrogel matrix. 
Vervolgens hebben wij de effecten bestudeerd van crowding op genexpressie in dit systeem, 
waarin twee moleculen met elkaar moeten reageren om tot expressie te komen. We hebben laten 
zien dat er significante verschillen optreden wanneer 1 van de 2 moleculen op een vaste plek 
gepositioneerd is, in vergelijking tot een systeem waarin beide moleculen vrij kunnen bewegen. In 
Hoofdstuk 3 wordt daarom benadrukt dat de impact van de fysische omgeving absoluut 
meegenomen moet worden in complexe biochemische reacties. 
 
Een andere intrinsieke eigenschap van cellulaire genexpressie is de willekeurige variatie in 
productformatie die optreedt tijdens het proces. Deze willekeurige variatie, ook wel ruis genoemd, 
blijkt van significante waarde te zijn voor een breed scala aan verschillende celtypes en 
organismen. Cellulaire variatie treedt voornamelijk op door willekeurige fluctuaties in 
genexpressie. Om die reden is het interessant om te onderzoeken wat deze ruis in genexpressie 
veroorzaakt. Daarnaast is het begrijpen van de dynamiek  in complexe enzymatische reacties in 
kleine volumes met een relatief hoge crowding cruciaal voor de ontwikkeling van synthetische 
cellen. Dit concept wordt geïntroduceerd in Hoofdstuk 4. Gecompartimentaliseerde biochemische 
reacties, in reactievaatjes ter grootte van een cel, laten een bepaalde mate van willekeurigheid 
zien doordat het aantal betrokken moleculen relatief laag is. Echter is het onbekend wat de 
bijdrage van de fysische omgeving aan het willekeurige gedrag van enzymatische processen is. In 
Hoofdstuk 4 presenteren we een robuuste methode om de ruis in genexpressie in vitro te 
kwantificeren met behulp van de eerder genoemde “droplet-based microfluidics”. We bestuderen 
de veranderingen in willekeurigheid van de in vitro genexpressie van twee genen, welke 
gecompartimentaliseerd zijn in de picoliter druppels, als een functie van aantal te verwerken DNA 
moleculen. We hebben ontdekt dat de ruis in ons systeem toeneemt wanneer we het aantal te 
verwerken DNA moleculen verminderen. 
 
Een terugkerend concept in deze scriptie is de invloed van de fysische omgeving door middel van 
crowding op de plaatsvindende reacties. Omdat de willekeurigheid van een biochemische reactie 
afhankelijk is van de kans dat twee moleculen elkaar tegenkomen (en reageren), ligt het voor de 
hand dat crowding ook significante effecten op de ruis in genexpressie zal vertonen. In Hoofdstuk 
5 onderzoeken we wat de invloed van crowding op de ruis in genexpressie is. Onze bevindingen, 
ondersteund door simulaties, tonen aan dat een lagere diffusie, veroorzaakt door crowding, leidt 
tot de spontane formatie van heterogene micro-omgevingen. Doordat de diffusiesnelheid onder 
de productiesnelheid zakt, ontstaat er gelokaliseerde productie. Deze ontstane in-homogeniteit 
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leidt tot een grotere kans dat de moleculen die kunnen reageren in dezelfde micro-omgeving 
gelokaliseerd blijven. Als gevolg hiervan wordt de willekeurigheid van het systeem verhoogd. 
 
In Hoofdstuk 6 worden de gevonden resultaten van deze scriptie in een bredere context geplaatst. 
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Zusammenfassung 
Genexpression oder Proteinbiosynthese ist ein faszinierendes Phänomen der Natur und eine 
Grundlage vieler aktueller Forschungsbereiche. Die Entwicklung von zellfreien (in vitro) 
Expressionssystemen hat es ermöglicht Genexpression auf molekularer Ebene zu untersuchen. 
Dies wiederum, hat dazu geführt, dass ein tieferes Verständnis der wichtigsten Prozesse der 
Expression, nämlich Transkription und Translation, erreicht wurde. Das Verständnis dieser 
Prozesse ist von grundlegender Bedeutung um die Entwickelung synthetischer Zellen zu 
ermöglichen. Ein wesentlicher Unterschied zwischen zellulären und zellfreien Bedingungen ist die 
enorme Vielzahl von unterschiedlichen Makromolekülen in der Zelle. Dies führt zu begrenzten 
Bewegungsmöglichkeiten von Molekülen und kann Unterschiede in bestimmten 
Reaktionsgeschwindigkeiten verursachen. In Kapitel 1 wird sowohl zelluläre als auch zellfreie 
Genexpression beschrieben. Weiterhin werden einige Beispiele gegeben die beschreiben wie die 
zelluläre Umgebung Reaktionen beeinträchtigen kann. Schließlich wird tröpfchenbasierte 
Mikrofluidik, eine Technik die in den Kapiteln 2-5 angewandt  wird, beschrieben. 
In Kapitel 2 wird das prokaryotische bzw. bakterielle zellefreie Expressionssystem, welches in 
dieser Doktorarbeit angewandt wurde, vorgestellt. Einer der größten Nachteile der bakteriellen 
Expressionssysteme ist, daß die Transkription und Translation gleichzeitig verlaufen oder mit 
anderen Worten gekoppelt sind. Dies bedeutet, dass die ribosomale Proteinbiosynthese 
gleichzeitig an der gerade synthetisierten mRNA erfolgt. Da in vitro Studien in der synthetischen 
Biologie immer häufiger benutzt werden, ist es grundsätzlich wichtig in der Lage zu sein die 
einzelnen Schritte der Genexpression zu studieren. Jedoch führt Entkoppelung von Transkription 
und Translation oft zu einer niedrigen Effizienz von Genexpression. In Kapitel 2 wird eine neue 
Methode zur Entkopplung von Transkriptions und Translations vorgestellt. Durch die Zugabe von 
ribosomalem Extrakt während der Transkription erreichen wir Proteinbiosynthese dessen 
Effizientz vergleichbar ist mit den gekoppelten Systemen. Diese Ergebnisse sind fundamental für 
weitere Bottom-up-Untersuchungen. Zugleich bietet diese Methode eine Plattform für weitere 
Untersuchungen über die Komplexität der Translation. Die Arbeit die in Kapitel 2 vorgestellt wird 
legt den Grundstein für die Forschung in den folgenden Kapiteln, da in allen Kapiteln ein 
gekoppeltes Transkriptions und Translations System von bakteriellen Zellen benutzt wird. 
Der Innenraum von Zellen ist gefüllt  mit vielen Makromolekülen, auch crowding genannt. Dies 
kreiert viskose Umgebungen und verändert die Kinetik vieler komplexer, enzymatischer 
Reaktionen. Jedoch wird die Dichte des prokaryotischen Cytoplasmas in typischen zellfreien 
Untersuchungen oft nicht berücksichtigt. In Kapitel 3 nutzten wir biokompatible, durch 
tröpfchenbasierte Mikrofluidik hergestellte, polymere Hydrogelteilchen. Somit haben wir die 
Natur der zellulären Umgebung nachgeahmt. Wir haben die Effekte von crowding in einem 
porösen Hydrogel-Matrix mit einem unbeweglichen Ziel (gebundener DNA) verglichen mit 
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typischen zellfreien Reaktionsumgebungen mit einem beweglichen Ziel (freier DNA). Wir zeigen 
das sich im Hydrogel  die Reaktionsgeschwindigkeiten der Genexpression mit höheren crowding 
auch erhöht. In typischen zellfreien Reaktionen hat crowding jedoch eine hemmende Wirkung auf 
die Genexpression. Kapitel 3 betont daher die Notwendigkeit um den Effekt der physischen 
Umgebung in komplexen biochemischen Reaktionen zu berücksichtigen. 
Ein weiteres Phänomen der zellulären Genexpression ist, dass es sich oft zufällig oder stochastisch 
verhält. Stochastische Prozesse wurden in einer großen Vielzahl in verschiedenen Zelltypen und 
Organismen festgestellt. Zelluläre Variabilität kann durch zufällige Schwankungen in der 
Genexpression erklärt werden. Daher ist stochastische Genexpression ein interessantes 
Forschungsgebiet geworden. Darüber hinaus ist es für die Entwicklung von synthetischen Zellen 
von erheblicher Bedeutung, dass ein Verständnis der Dynamik der komplexen enzymatischen 
Reaktionen vorhanden ist. Um die stochastische Genexpression gründlich zu erforschen und in 
vitro zu quantifizieren haben wir in Kapitel 4 eine robuste Methode dazu entwickelt. Hier 
verwenden wir Tröpfchen Mikrofluidik um die stochastischen Veränderungen in zellfreier 
Genexpression von zwei verschiedenen Genen zu untersuchen. Wir analysieren tausende, 
Mikrometer große, Tröpfchen um stochastische Veränderungen als Funktion der DNA-Kopienzahl 
zu quantifizieren. Unsere Resultate zeigen, dass wenn die DNA-Kopienzahl verringert wird steigen 
die stochastischen Veränderungen in Genexpression. 
Ein wiederkehrendes Thema in dieser Doktorarbeit ist, dass makromolekulare 
Volumenbeanspruchung (crowding) Reaktionen stark beeinflussen können. Die Geschwindigkeit 
biochemischer Reaktionen hängt, unter anderem, davon ab wie wahrscheinlich es ist, dass sich 
zwei Moleküle treffen. Darum ist es wahrscheinlich, dass crowding auch einen großen Effekt auf 
stochastische Genexpression hat. In Kapitel 5 untersuchen wir genau wie crowding stochastische 
Genexpression beeinflusst. Unsere Resultate zeigen, mit der Unterstützung von Simulationen, dass 
eine Verringerung der Diffusionsrate, verursacht durch eine überfüllten Umgebung, zur spontanen 
Bildung von heterogenen Mikroumgebungen führt. Hier sind lokale Produktionsraten höher als die 
Diffusionsraten und es entsteht Heterogenität. Diese Heterogenität erhöht die stochastischen 
Veränderungen der  Genexpression, und könnte eine Erklärung sein für Zelluläre Variabilität.  
In Kapitel 6 werden die Gesamtergebnisse in dieser Doktorarbeit zusammengefasst und in einem 
Zusammenhang mit dem Rest des Forschungsfeldes gesetzt. 
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